Graduate Theses, Dissertations, and Problem Reports
2021

Traditional and modern breeding strategies towards developing
resilient crops: Two case studies in tomato
Estefania Tavares Flores
West Virginia University, et0044@mix.wvu.edu

Follow this and additional works at: https://researchrepository.wvu.edu/etd
Part of the Plant Breeding and Genetics Commons

Recommended Citation
Tavares Flores, Estefania, "Traditional and modern breeding strategies towards developing resilient crops:
Two case studies in tomato" (2021). Graduate Theses, Dissertations, and Problem Reports. 8252.
https://researchrepository.wvu.edu/etd/8252

This Thesis is protected by copyright and/or related rights. It has been brought to you by the The Research
Repository @ WVU with permission from the rights-holder(s). You are free to use this Thesis in any way that is
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license
in the record and/ or on the work itself. This Thesis has been accepted for inclusion in WVU Graduate Theses,
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU.
For more information, please contact researchrepository@mail.wvu.edu.

Traditional and modern breeding strategies towards developing resilient crops: Two case studies
in tomato
Estefania Tavares Flores

Thesis submitted
to the Davis College of Agriculture, Natural Resources and Design
at West Virginia University
in partial fulfillment of the requirements for the degree of
Master of Sciences in
Genetics and Developmental Biology

Vagner A. Benedito, Ph.D., Chair
Michael Gutensohn, Ph.D.
Mahfuzur Rahman, Ph.D.
Department of Plant and Soil Sciences

Morgantown, West Virginia
2021

Keywords: Tomato cultivars; Traditional and modern breeding Strategies; CRISPR-Cas9 genome editing;
CAPS markers; Salt-tolerance; Septoria leaf spot.
Copyright 2021 Estefania Tavares Flores

Abstract
Traditional and modern breeding strategies towards developing resilient crops: Two case studies in tomato

Estefania Tavares Flores
Crop designing for resilience traits to produce satisfactorily under adverse conditions and scenarios is a priority
for the future of global food security. In this thesis, two different approaches addressing major stress factors for
tomato cropping are presented. We first aimed to domesticate tomato de novo as a high-salinity resistant crop
using the wild relative, S. cheesmaniae via gene editing. We conducted single-gene and multiplex knock-out
strategies using CRISPR/Cas9 genome editing to create loss-of-function alleles for the domestication-related
genes BIF, CycB, J2, EJ2, MULTI, SP, SP5G, and FW11.3 in order to create a novel, halophyte tomato
harboring an inherent high-salinity resistance along with desirable cultivation traits. In the second study, we
employed traditional breeding strategies together with modern molecular techniques for in vitro culture and
chromosomal mapping to generate introgression lines and backcrossing generation populations harboring a
resistance trait against a fungal disease of tomato, Septoria leaf spot (S. lycopersici). Taken together, this
research demonstrates how traditional and new breeding approaches can be integrated to boost the development
of novel resources for tomato breeders and growers. Furthermore, the value of employing genomic and
biotechnological resources in both traditional and modern breeding scopes towards an ideotype tomato crop is
discussed and further recommendations are explored.
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General Introduction
1.1 Agriculture: Current affairs and global challenges
Agriculture has been one of the most important economic activities since humans got organized in societies
and left the hunter-gathering lifestyle. Today, this sector continues to denote a crucial economic sector
worldwide (Food, 2020). Agricultural activities represented 4% of the global gross domestic product (GPD)
in 2018, while maintaining a relatively stable trend since 2000. In the United States (US), agriculture
accounted for 5.4% of its total GDP in 2018. In contrast, developing countries, such as Sudan and Pakistan,
had more than 25% of their GDP resulting from agriculture-related activities in the same year (FAOSTAT
2020).
The use of land has changed drastically over the world due to agricultural activities in the last millennium:
in the 1700s up to 95% of Earth’s ice-free land consisted of wildlands and semi-natural anthromes. By
2000, ~55% of those regions were transformed into arable lands (Ellis et al., 2010). More recently, during
the period of 1961-2018, an annual increase of 0.1 percent has been observed, with a significant expansion
worldwide during the 1990s (Ellis et al., 2020; Vijay and Armsworth, 2021). In 2018, 1.5 billion hectares
accounted for the global agricultural land area (an area close to that of Russia), from which over 160 are in
the U.S. (FAOSTAT 2020).
In terms of global food production, 9,077,543 thousand tons of primary crop main commodities (e.g.,
sugarcane, maize, rice, wheat, potatoes, soybeans) were produced in 2018 (World Food, 2020). And it has
been suggested that this amount of food is enough to feed 1.5 times the current global population. However,
due to its uneven distribution, nearly 9% (690 million people) of the world population suffered from hunger
in 2019. In addition, it is estimated that the global population will reach 9.7 and 11 billion by 2050 and
2100, respectively (UN, 2019). In order to feed this number of people, it is projected that a worldwide
increment of 60% and 25% will be needed in terms of food production and crop land expansion, respectively
(FAOSTAT 2020), not only to cover the dietary food supply, but also to achieve higher indicators of global
food security (e.g., decrease in prevalence of undernourishment, better food distribution).
The expansion of our arable lands worldwide is proposed as a direct and simple solution to our forthcoming
food demands. However, this alternative has the potential to generate higher ecological costs that we cannot
afford in the face of environmental threats and climate change, especially global warming. Importantly, the
availability of potential arable lands worldwide has been already exhausted, and a further urbanization of
the remaining forests will exacerbate an ecological disequilibrium due to loss of biodiversity (~30% of all
plant species could become extinct due to agriculture) and increased greenhouse emissions (12% of total
anthropogenic CO2 emissions coming from the destruction of tropical forests) (Gomiero, 2016; GonçalvesSouza et al., 2020; Eriksson, 2021).
Agriculture currently uses 70% of the freshwater withdrawals in the world (World Bank, 2019). The
intensification of irrigation systems over an ever-expanding farming land has underscored important
constraints on the availability of freshwater resources as another crucial limitation for the expansion and
sustainability of our current agricultural activities. Notwithstanding, while the freshwater supply might be
adequate at the global level, its uneven distribution across regions is problematic, affecting growing urban
areas located especially in the Middle East, North Africa, and Central Asia (Campbell et al., 2017; Khokhar,
2017), among other places, such as the West of the United States, North of Mexico, and Northeast of Brazil.
Regarding global warming effects, both winters and summers are becoming increasingly hotter than the
1951-1980 average (FAOSTAT 2020). Take, for example, 2016 and 2019 years, which reported the
warmest and second highest global mean annual temperatures, respectively (S and S, 2017; Horie, 2019).
In addition, more than 150 countries have reported a mean annual temperature change in 2019 of at least
1.0°C higher than the 1951-1980 average (Rhiney et al., 2018; Weber et al., 2018; Timma et al., 2020).
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On the other hand, from a crop’s perspective, agricultural productivity is largely impacted by biotic
(established and emergent crop diseases and pests) and abiotic factors (e.g., soil salinization, drought,
extreme temperatures) that directly or indirectly hamper the proper development and yield of our modern
cultivars (Al-Khayri and Jain, 2015; Rowland and Leonard, 2019).
In this context, it is absolutely essential that we as a society find viable solutions to not only sustain but
increase agricultural production levels to meet the demands of a growing global population. Such solutions
will involve biotechnology and plant breeding to create resilient and nutritious crops, along with sustainable
agricultural practices, along with political, societal and personal decisions to create a viable, allencompassing and inclusive, long-lasting global community.
This research aims at creating resilient tomato varieties through traditional and biotechnologically-informed
breeding that are capable of facing biotic and abiotic challenges. We identified sources of Septoria leaf spot
resistance in wild tomatoes and the use of in vitro ovule culture techniques to introduce a new resistance
trait into the cultivated species. We also used state-of-the-art gene editing techniques to domesticate de
novo a wild relative of the cultivated tomato, Solanum cheesmaniae, in an attempt to start creating a novel,
salt-resilient crop.
1.2 Tomato: A global crop
Tomato (Solanum lycopersicum) is one of the most commercially important crops globally and it is the
second most important vegetable after the potato (Solanum tuberosum L.). Approximately 182 million tons
of tomato fruits (for table and processing purposes) are produced annually using 4.85 Mha of arable lands
(WPTC, 2020). In addition, the tomato world production has suffered a significant steady growth from 64
to 182 million tons from 1988 to 2017, respectively (2020). Currently, the United States produce around
30% of the world's tomato, from which 96% of the total US processing tomato demands (11.3 million short
tons in 2020) are produced in California (WPTC, 2020), followed by Florida, Indiana, Ohio, and Michigan
(Reimers and Keast, 2016).
The 17 species of the tomato clade (Solanum section Lycopersicon) encompass an attractive and widely
used model of study for complex physiological, developmental, and evolutionary processes in
dicotyledonous plants. An extensive collection of molecular and genomic resources, such as: its complete
reference genome sequence of S. lycopersicum and other close relatives; comparative sequence datasets
(http://solgenomics.net/tomato/); gene expression datasets; comprehensive genetic maps and molecular
markers; mutant, natural variant, and introgression germplasm collections; and platforms such as the
Solanaceae
Genomics
Network
(http://www.sgn.cornell.edu;
http://ted.bti.cornell.edu;
http://zamir.sgn.cornell.edu/mutants) and the Tomato Genetics Resource Center (http://tgrc.ucdavis.edu/).
All of these resources make tomato an ideal model of study and a rich asset for studying genetic diversity
in crops.
1.3 Domestication and its effects in tomato
The domestication of our modern crops involved the initial cultivation of wild plant species that were later
exposed to a longer stage of human induced selection for desirable traits, including higher yields (Gross
and Olsen, 2010). For a great extent of our crops, whereas this long-term process has improved the total
yield, it has also resulted into significant losses of genetic diversity associated with stress resistances and
nutritional value (e.g., potato, cabbage, rice, wheat; Uchola, 2015; Hickey et al., 2019; Tian et al., 2021).
The origins of tomato can be traced back to Peru and Ecuador, in South America, but its domestication was
mostly performed in modern-day Mexico by the ancient Aztec civilization (Bergougnoux, 2014; Razifard
et al., 2020). During the post-Colombian era, the crop was dispersed across Europe giving rise to different
varieties through intensive breeding and selection while satisfying a wide range of consumer needs and
tastes (Sims, 1980). It has been suggested that its domestication and breeding trajectory of tomato can be
described in two main events: 1) the semi-domesticated Solanum lycopersicum var. cerasiforme (SLC) was
2

further domesticated from the red-fruited fully wild species S. pimpinellifolium (SP), and 2) the fully
domesticated S. lycopersicum var. lycopersicum (SLL) was improved through breeding from CER (Lin et
al., 2014; Blanca et al., 2015). This two-step process of domestication and breeding resulted in the modern
tomato crop that exhibits drastic changes in phenotype, including fruit shape, color, size, flavor, but much
lower abiotic and biotic stress resistances when compared to its distant wild relative species. It is estimated
that the genome of modern tomato cultivars contains approximately 5% of the genetic variation of their
wild relatives (Miller and Tanksley, 1990). In addition, a recent pan-genome study in tomato estimated that
up to 200 genes from SP were lost during its domestication in northern Ecuador, and gene losses continued
through subsequent domestication of SLC in South America and on to Mesoamerica (Gao et al., 2019).
Therefore, the use of wild species to recover traits associated to withstand harsh environmental conditions
(i.e., salt, drought, heat, biotic resistances) for crop improvement of tomato has been employed for more
than 60 years. Particularly in the tomato clade, which encompasses 17 Solanum species (Figure 1), more
than 32,000 different accessions have been identified, from which 70% represent wild species. Within the
tomato clade, the orange-red fruit group include S. lycopersicum (the cultivated species), S. pimpinellifolium
(the immediate wild ancestor of the cultivated tomato), as well as the Galapagos species, S. galapagense
and S. cheesmaniae. In contrast, the other 13 species compose the yellow-green fruit group.

Figure 1. Phylogenetic tree of the tomato clade. From Bedinger et al., 2010.

Recent comparative genomics and phylogenetic studies in tomato have shown that a substantial gene loss
event took place during domestication and improvement strategies of the crop (van der Knaap et al., 2014;
Gao et al., 2019; Liu et al., 2020; Razifard et al., 2020). Interestingly, a disproportionate number of genes
associated with defense response were lost in tomato, and it is speculated that it is related to negative
selection processes (Gao et al., 2019). Another study focused on the tomato mobilome found that a strong
genetic bottleneck event occurred on the tomato genome due to the post-Columbian introduction of tomato
to Europe (Domínguez et al., 2020). This was translated into an important accumulation of deleterious
mutations and intense inbreeding pressure that compromised the long-term survival of tomato accessions
with high mobilome activity.
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1.4 Breeding Strategies: Traditional vs. Modern Strategies
The use of traditional breeding practices has been extremely successful in creating improved crop varieties
with higher yields. More recently, the introduction of marker-assisted selection significantly helped to
deliver enhanced crops harboring other domesticated traits related to plant architecture and fruit quality
(Foolad and Panthee, 2012). However, the more knowledge we gain about the genomic nature behind the
modulation of complex agronomic traits, such as biotic (e.g., plant diseases and pests) and abiotic stress
resistance traits (e.g., drought, temperature, salt tolerance), the more limitations traditional breeding
approaches encounter (Al-Khayri et al., 2016; Khan et al., 2019). These studies of domestication syndrome
have shed light into the genetic context of numerous traits that distinguished crop plants from their wild
relatives, and in many cases, these characters showed to be determined by a relatively small number of loci
with effects of unequal magnitude (Frary and Doǧanlar, 2003).
The efficiency of traditional breeding approaches heavily depends on the amount of available functional
diversity (Al-Khayri et al., 2016; Fernie and Yan, 2019a). In the case of tomato, which has passed through
different bottlenecks during its domestication process (Kimura and Sinha, 2008; Bergougnoux, 2014;
Razifard et al., 2020), a compendium of 16 wild relative species have been used widely to introgress stress
resistance traits and its associated genetic diversity components back into the genome of our domesticated
tomato varieties. However, introgression of beneficial traits into elite varieties has shown to expose a
significant linkage drag effect, which consists in transferring deleterious genetic material genetically linked
to the desirable trait (Al-Khayri et al., 2016; Rothan et al., 2019). In order to clean up the introgressed line,
multiple rounds of backcrossing and selection are needed to restore the elite genomic background. As a
result, using traditional breeding approaches only to deliver a new cultivar is characterized for being a
highly time and cost-intensive process (Khan et al., 2019).
In recent years, the introduction of more highly precise genome editing technologies, such as CRISPRCas9 genome editing, has allowed a higher control over the induction mutation process, a pyramiding of
multiple beneficial traits into elite backgrounds within a single generation (Salava et al., 2021). In addition,
this process allows the direct improvement of cultivars without introducing deleterious alleles from crossing
and recombination events (Khan et al., 2019).
In this study, we explored two different breeding strategies (de novo domestication and traditional breeding)
to pave the way for the first attempts towards delivering improved and more resilient tomato crops harboring
biotic and abiotic stress resistance traits. In addition, advantages and disadvantages of both strategies are
also explored.
1.5 General objective of this thesis
●

The main purpose of this research is to exploit two main breeding strategies to deliver hardy crops,
particularly resilient tomato cultivars that can compete and perform better under different
environmental stressed conditions: soil salinization and a fungal disease.

1.6 Specific objectives of this thesis
●

Explore domestication traits in the salt-resistant species, Solanum cheesmaniae, via CRISPR-Cas9
gene editing to enable de novo domestication.

●

Identify and introgress resistance to Septoria leaf spot from wild species into a tomato cultivar via
conventional breeding.
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Chapter I
De novo domestication of Solanum cheesmaniae using CRISPR-Cas9 genome editing: Harnessing
salinity tolerance from a wild tomato species
Abstract
Agriculture is the economic sector that utilizes most of the freshwater resources available globally.
Salinization of arable lands is a major concern due to the increasing limitations of water supply and the
substantial use of continuous irrigation systems worldwide. Salt stress has a significant impact on crop
development and yield, which limits cultivation in marginal lands and agricultural use of saline water. A
glycophyte crop, such as tomato (Solanum lycopersicum), requires high amounts of water while being
highly sensitive to soil salinity. Introgression of salinity resistance into tomato cultivars via conventional
breeding procedures remains challenging due to the polygenic nature behind abiotic traits. We aimed to
domesticate tomato de novo as a high-salinity resistant crop from the wild relative, S. cheesmaniae. Based
on published data, the accession LA0421 originally from the seashores of the Galapagos Islands is
characterized for less yield penalty when exposed to saline conditions. Thus, we chose LA0421 as the
genetic baseline for knocking out genes involved in domestication traits, including architecture, flowering,
yield, fruit size, and nutrition. We conducted a single-gene and multiplex knock-out strategies using
CRISPR/Cas9 genome editing to create loss-of-function alleles for the domestication-related genes BIF,
cycB, J2, EJ2, MULTI, SP, SP5G, and FW11.3 in order to create a novel, halophyte tomato harboring an
inherent high-salinity resistance along with desirable cultivation traits. This proof-of-concept research aims
to engineer crops using speedy reverse breeding that could potentially utilize, at least partially, seawater
hydroponics or saline marginal soils for food production.
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1.0 Introduction
Among the abiotic stresses affecting agriculture, soil salinity is a major threat to agricultural productivity
and food security, especially because it precludes the cultivation of vast areas of saline soils and lowers
yields in marginal areas (Singh, 2015; Zaman et al., 2018).
Nowadays, it is estimated that 10% of the world's land area is affected by salinity, including 50% of the
irrigated regions, resulting in a US$ 12 billion loss of agricultural production (Flowers et al., 2010; FAO
2020). Salt-affected areas worldwide are increasing at a rate of 10% every year due to different
environmental factors, including low precipitation, high surface evaporation, soil erosion, continuous
irrigation systems using underground saline water, and poor agricultural practices (Pailles et al., 2017; Uri,
2018). In addition, in order to produce enough food to feed an estimated global population of 9.3 billion by
2050, an increment of 20% of our arable lands will be required (Abbasi et al., 2016).
In 2018, the global land area equipped with irrigation systems was reported to reach up to 339 Mha (an area
larger than India) (FAO 2020). While 70% of that corresponded to regions located in Asia, while 16% and
8% were in the Americas and Europe, respectively. The same year, the US reported 27 Mha equipped for
irrigation, which is equivalent to the area of Colorado (FAOSTAT 2020).
Soil salinity can be measured using electrical conductivity. A soil with conductivity of 20 mM or more is
considered saline (de Souza Silva and Francisconi, 2012; Numan et al., 2018). Depending on the
composition and source of salinization, salinity can be further classified into irrigation salinity, groundwater
salinity, and transient salinity (Rengasamy, 2006; Litalien and Zeeb, 2020). Irrigated arable lands are more
susceptible to reach salt-affected levels because irrigation water usually contains high amounts of salt ions
(e.g., sulfates, carbonates, bicarbonates, magnesium, calcium, potassium, and sodium) that deposit and
accumulate in the soil.
1.1 Salinity effects in plants
Both physiological and biochemical plant mechanisms are severely affected by salinity resulting in a
significant yield reduction (Abbasi et al., 2016; Morton et al., 2019; Birhanu, 2020; Pailles et al., 2020).
More specifically, other major detrimental effects of salinity in plants include a reduction of water potential
that causes osmotic stress, great reduction of photosynthesis due to the loss of vegetative structures (e.g.,
fewer stomata conductance, stunt development), elevated production of ROS (reactive oxygen species),
disruption of nutrient intake and availability, which ultimately can lead to cell and whole plant death
(Abbasi et al., 2016; Safdar et al., 2019; Birhanu, 2020). More interestingly, compared to drought or heat
stress, which usually occurs intermittently at short periods during the plant's development cycle, salinity
stress can be continuous, leading to co-occurrence with other stress factors, such as pathogen infection or
drought.
1.2 Salinity Tolerance mechanisms in halophilic plants
In terms of salinity tolerance (ST) mechanisms that evolved in plants, there are two categories usually used
to differentiate well-adapted plants to salt stress from those who do not tolerate this condition: glycophillic
(salt excluders) and halophytes (salt includers). While both glycophyte and halophyte species use multiple
strategies to decrease the toxic effects due to Na+ accumulation within its cells, efficiently halophytes
deploy associated mechanisms to salt tolerance and adaptation without disturbing their vegetative growth
(Hichri et al., 2017; Volkov and Beilby, 2017; Safdar et al., 2019; Liu et al., 2020). Among halophyte
mechanisms to withstand salt stress, we can mention a constant Na+ exclusion system through the roots, a
preferential transport and compartmentalization of Na+ into the old leaves' vacuoles, and continuous
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regulation to keep high K+ levels (Kibria and Hoque, 2019). In addition, the salt overly sensitive (SOS)
system is well known to be involved in Na+/K+ homeostasis (Ji et al., 2013; Wang et al., 2020).
The production of compatible solutes (osmolytes) to balance the osmotic pressure due to salt stress is
another important mechanism described in plants (Huang et al., 2020; Wani et al., 2020). Mostly organic
compounds, such as sucrose, proline, and glycine betaine are used for this purpose (Safdar et al., 2019;
Birhanu, 2020; Mahmoud et al., 2020). Notwithstanding, in order to protect cells from oxidative injury due
to ROS production by salt stress conditions, different antioxidant systems have been described in plants,
including the use of peroxidase, glutathione reductase, superoxide dismutase, catalase, and ascorbate
peroxidases. Ultimately, the involvement of phytohormones has also been associated with salt stress
adaptation mechanisms in plants. The best-described hormones involved in this purpose include jasmonic
(JA) (Ali and Baek, 2020), abscisic acid (ABA) (Suzuki et al., 2016), and gibberellic acid (GA) (Vetrano
et al., 2020).
1.3 Tomato as a glycophillic crop
When considering abiotic stresses, as a glycophytic species, tomato is characterized as a highly susceptible
crop to even mild salinity conditions. Tomato can tolerate a conductivity of up to 2.5 dS m -1 (Caro et al.,
1991; Scholberg and Locascio, 1999). Amongst the tomato groups, cherry tomatoes are generally less salt
sensitive than large fruit accessions (Caro et al., 1991).
Previous attempts to increase its salinity tolerance dates back to 1981, when a breeding program led by
Rush and Epstein employed traditional strategies to introduce the salinity tolerance trait of S. galapagense
into the genetic background of a tomato cultivar (Rush and Epstein, 1981). However, the lack of public
data regarding the program results suggests that the salinity tolerance trait was lost somewhere during the
development of the project, most probably due to its polygenic nature.
More recently, the morphological and genetic characterization of wild tomato species originally from the
Galapagos Islands were made available by Pailles and collaborators (Pailles et al., 2017; Pailles et al., 2019).
Their findings demonstrated that both S. cheesmaniae and S. galapagense, which naturally perform well
while growing next to the Galapagos Island seashore, harbor several effective mechanisms associated with
salinity tolerance. More specifically, a Na+ exclusion through the roots and a Na+ compartmentalization
system in the old leaves coupled with a constant regulation to maintain low levels of K + are the key
mechanisms to sustain an outstanding salinity tolerance when compared to commercial tomato cultivars.
Furthermore, by following a comparative genomic approach, they concluded that both species developed
such specialized mechanisms under salinity conditions due to its geographical origin and evolutionary
history. These findings represent crucial genetic resources for the potential of improving salinity tolerance
in commercial tomatoes, and different groups around the world are already working on this aim.
1.4 Engineering salt tolerance in tomato
In order to enhance salt tolerance in tomato, different approaches have been proposed. The development of
transgenic tomatoes overexpressing either endogenous or exogenous genes involved in salt tolerance
mechanisms is a potential strategy (Wani et al., 2020). Modifications of genes involved in regulatory and
signaling pathways of ion transport and antioxidant agents have also been proposed (Huang et al., 2020).
The current wide availability of information of the tomato genome and its wild relatives has opened the
ground to different potential ways to achieve salinity tolerance in the crop through biotechnological
strategies. A potentially useful genomic pipeline to increase our understanding of genetics behind traits in
tomatoes was proposed recently (Bai et al., 2018).
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Recently, the annotated sequence of the S. pimpinellifolium genome was released, which is the immediate
wild ancestor of the cultivated tomato (Razali et al., 2018). This information represents an unprecedented
step towards elucidating the molecular cues behind the lost genetic diversity in our tomato crops involved
in both biotic and abiotic tolerance mechanisms within the wild species. Using comparative genomics, they
invested into identifying potential candidate genes associated with undiscovered traits that both S.
pimpinellifolium and S. pennellii harbor. Their findings also suggest that inositol-related pathways could be
involved with the increased salinity tolerance in the S. pimpinellifolium accession 'LA0480'.
A prominent example of using biotechnology to improve salt tolerance in tomato is the introduction of the
transcription factor GmWRKY27, which in soybean regulates the expression of stress-related genes by
binding to the promoter of GmNAC29, which in turn is a negative effector for stress responses (Wang et
al., 2015). The gain-of-function allele of SIWRKY3 in tomato showed reduced Na+ accumulation in old
leaves coupled with a continuous homeostatic balance of K+ and Ca2+ under salinity stress (Hichri et al.,
2017). Similarly, transgenic tomatoes overexpressing SIBREB2 resulted in reduced proline content after a
mild salinity stress period (Hichri et al., 2016).
The use of genome editing strategies to perform de novo domestication in wild relatives of crop species is
an outstanding promising approach to harness the complex traits that wild species harbor, usually with a
polygenic genetic architecture (Zsögön et al., 2017; Zsögön et al., 2018). In the case of salt tolerance, this
speedy reverse approach in tomato aims to de novo domesticate wild species such as S. cheesmaniae and
S. galapagense (Morton et al., 2019). Following this approach, we proposed creating loss-of-function alleles
via CRISPR/Cas9 genome editing of agronomically important genes (fruit size, fruit setting, flowering
induction, branching index, and lycopene content) in the genome background of S. cheesmaniae accession
LA0402 (Figure 2), which has been previously characterized for performing well under salinity conditions
(Pailles et al., 2020).
1.5 De novo domestication of a wild species of tomato
De novo domestication has been recently proposed as a game-changer breeding strategy to harness biotic
and abiotic stress resistance traits, which in many cases are characterized for being of polygenic nature,
naturally occurring in wild relative species of our modern crops (Zsögön et al., 2017; Zsögön et al., 2018;
Fernie and Yan, 2019b). The use of highly efficient and specific genomic editing tools (e.g., CRISPR/Cas9)
allows a straightforward application of de novo domestication of wild relatives of crops to create a valuable
source of allele mining that ultimately will expand the crop germplasm pool (Østerberg et al., 2017; Wolter
et al., 2019). In addition, semi-domesticated or orphan crops have also been proposed as important targets
for de novo domestication due to their significant potential to create innovative and useful sources for
improving diversity within our main-stream agricultural products (Lemmon et al., 2018). However, de novo
domestication approach is still limited by two factors: 1) availability of efficient transformation procedures
to different crop systems, and 2) a comprehensive genomic knowledge (Zsögön et al., 2017; Zsögön et al.,
2018; Wolter et al., 2019).
Modern tomato plants exhibit several domesticated traits, including a determinate growth habit that allows
homogenous fruit setting and synchronized harvesting, jointless pedicel, increased fruit firmness for
mechanical harvesting, and a higher soluble solid content that makes fruits sweeter than those from wild
tomato species (Rothan et al., 2019; Salava et al., 2021). The wide range of genomic resources in tomato
and its wild relative species has positioned it as an excellent crop model for applying this induced de novo
domestication approach (Zsögön et al., 2017).
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1.6 Candidate genes for de novo domestication of S. cheesmaniae
In recent years, several studies using genome editing technologies to improve both fruit quality and yield
traits in different genomic backgrounds of tomato and its wild relatives have been shown outstanding and
promising results (Čermák et al., 2017; Rodríguez-Leal et al., 2017; Soyk et al., 2017a; Soyk et al., 2017a;
Lemmon et al., 2018; Zsögön et al., 2018; Sun et al., 2020). First attempts for genome editing in tomato
resulted in changes in floral morphology and flowering time was carried out by Xu et al. (Xu et al., 2015)
by producing fab (fascinated and branched) and fin (fascinated inflorescence) mutants. Using CRISPR/Cas9
mutants in S. pimpinellifolium, Rodríguez-Leal et al. (Rodríguez-Leal et al., 2017) created variants for floral
organs and locule number by targeting the CLV3 gene. Other mutants, such as WUSCHEL-RELATED
HOME-OBOX 9, WOX9 (S), and SELF PRUNING (SP), were generated by the same group, resulting in
several quantitative variations in plant architecture and inflorescence modifications. Furthermore,
CRISPR/Cas9 gene editing generated SELF-PRUNING 5G (SP5G) mutants with more compact
determinate growth habit with a day-length-independence early flowering trait (Soyk et al., 2017b).
Directed efforts to de novo domesticate S. pimpinellifolium were performed by Zsogon et al. (Zsögön et al.,
2018) where a multiplex CRISPR/Cas9 genome editing strategy was applied to create loss-of-function
alleles of SP, OVATE (O), CLV3, MULTIFLORA (MULTI), and LYCOPENE BETA CYCLASE (CycB).
Among their findings, they increased fruit setting by 10-fold, fruit size by 3-fold , a striking 500% increment
in fruit lycopene content, and promoted a determinate growth habit.
A more extensive and descriptive list of tomato phenotypic traits and their known genetic components have
been reviewed previously (Zsögön et al., 2017; Rothan et al., 2019; Pereira et al., 2021; Salava et al., 2021).
From which, different attempts for de novo domestication might be suitable using highly efficient directed
genome editing (e.g., TALENs, CRISPR/Cas9, etc.) to create desirable alleles associated with agronomic
traits. However, in order to deliver improved and more resilient crops, three primary goals have been
proposed for crop improvement via plant breeding strategies: 1) productivity, 2) nutrition, and 3) abiotic
and biotic stress tolerances (Al-Khayri et al., 2016). Taken together, we focused our efforts into de novo
domestication of a wild species of tomato, Solanum cheesmaniae, characterized for harboring high salinity
tolerance. By creating alleles of well described tomato genes associated with important features of
agronomic importance including higher nutrition value (higher lycopene content), better fruit setting (larger
fruit), and better plant architecture and physiology for improved mechanical harvesting.
This research is a proof-of-concept research aimed to engineer a crop using speedy reverse breeding that
could potentially use (at least partially) seawater hydroponics or saline soils for food production.

Figure 2. Morphological and phenotypic characterization of the wild-type S.
cheesmaniae accession LA0421. A) Plant architecture; scale bar: 10 cm. B) Fruits;
scale bar: 1 cm. C) Fruit setting; scale bar: 10 cm.
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2. Research Questions and Hypothesis
2.1 Research objectives:
●

●

Harness a genetically and physiologically complex trait (salt tolerance) from a wild species
(Solanum cheesmaniae) through de novo domestication of the species by multiplex knock-out
mutagenesis via CRISPR/Cas9 genome engineering of five genes involved in agronomical and
nutritional traits (fruit size, fruit setting, flowering induction, branching index, and lycopene
content).
Producing single-gene knock-out S. cheesmaniae mutant lines for eight genes associated with
agronomic and nutritional traits using single-gene mutagenesis via CRISPR/Cas9 genome editing
to compare their genotypes to the multiplexed knock-out line.

2.2 Hypothesis:
●

The loss-of function of five selected genes in S. cheesmaniae LA0421 will lead to the generation
of a halophyte tomato with semi-domesticated traits, such as a compact plant architecture (lower
branching index), better flowering physiology (insensitive to photoperiod), higher yield (larger
fruit, more fruits per truss), and more nutritious fruits (higher lycopene content) compared to the
original line.

3.0 Material and Methods
3.1 Plant material and growth conditions
Tomato seeds of S. cheesmaniae LA0421 were obtained from the Tomato Genetics Resource Center
(TGRC, Davis, CA). Plants were cultivated and grown in greenhouse conditions at 25°C (±2°C) (day/night)
with a 16-h light photoperiod cycle.
3.2 Design of gRNAs and CRISPR/Cas9 vectors
The web-tool “chop-chop” (http://chopchop.cbu.uib.no/) was used to design the target gene sequence with
low probability of off-target events. In addition, the web-tool Cas-OT (https://omictools.com/casot-tool)
was used to analyze the output. Two candidate sequences for gRNA targets were selected to target each
intended gene (BIF, J2, EJ2, CycB, FW11.3, MULTI, SP and SP5G; Table 1) to improve the chances of a
knock-out. See Tables 1 and 2 for detailed information on the target genes and gRNA sequences. The
annealed gRNA oligo pairs were transferred into CRISPR/Cas9 vectors (Figure 3) using the Golden Gate
cloning method. All vectors used are shown in Table 10 and a detailed scheme is shown in Figures S3 and
S4.
Table 1. Description of target genes for single-gene knock-out strategy.
Chr.

Gene

Description

Function

Mutation Type

Expected Phenotype

2

Solyc02g077390

MULTIFLORA (MULTI)

Fruit number

Knock-out

Higher number of fruits

3

Solyc03g114840

ENHANCER-OFJOINTLESS2 (EJ2)

Meristem maturation
and inflorescence
architecture

Knock-out

Longer sepals, pear-shaped fruits

5

Solyc05g053850

SELF-PRUNING 5G
(SP5G)

General plant growth
habit

Knock-out

Day-length insensitivity

10

5

Solyc11g071940

FRUIT WEIGHT (FW11.3)

Fruit size

Knock-out

Larger fruit size

6

Solyc06g074350

SELF-PRUNING (SP)

General plant growth
habit

Knock-out

Compact plant architecture,
synchronized fruit ripening

6

Solyc06g074240

LYCOPENE BETA
CYCLASE(CycB)

Nutritional quality

Knock-out

Lycopene accumulation

12

Solyc12g019460

BIFURCATE FLOWER
TRUSS (BIF)

Inflorescence
branching

Knock-out

Highly branched inflorescence

12

Solyc12g038510

JOINTLESS-2 (J2)

Pedicel abscission
zone formation

Knock-out

Jointless unbranched
inflorescences

Table 2. Sequence of gRNA primer pairs for the single-gene
knock-out approach
1

ATTCCGGCGACGTTAAGCCA

2

CTCGAATCAGGGTTTATCTG

1

TTATCGGAGCTGGCCCTGCT

2

GGATAGTTCATCCATCAACA

1

ATTACCTCTGAGATCGTTGG

2

CGATTGTGTTGGGAAGATGG

1

TTTCTCGAGCTTTTGTCCAG

2

GAAATACCCCACTCAGACAG

1

ACAATGCAGTTACGCATCTT

2

TTGTCATGGGGAAATAATGG

1

TGGCTTCATCAAATAGACAC

2

TACTGTGGATCCTAATGATG

1

ATGATAGATCCAGATGTTCC

2

AGGATTGTCACAGACATTC

1

TGTGGTTTACAACAATAGGG

2

AATAGGGAAGGTGGTACCGG

BIF

CycB

EJ2

FW11.3

J2

MULTI

SP

SP5G

Table 3. Sequence of gRNA primer pairs for the multiplex
knock-out approach
1

ATTCCGGCGACGTTAAGCCA

2

CTCGAATCAGGGTTTATCTG

1

TTATCGGAGCTGGCCCTGCT

2

GGATAGTTCATCCATCAACA

1

ATTACCTCTGAGATCGTTGG

2

CGATTGTGTTGGGAAGATGG

BIF

CycB

EJ2

11

1

TTTCTCGAGCTTTTGTCCAG

2

GAAATACCCCACTCAGACAG

1

TGTGGTTTACAACAATAGGG

2

AATAGGGAAGGTGGTACCGG

FW11.3

SP5G

Figure 3. Scheme of CRISPR/Cas9 + Csy4 binary vector structure used for singlegene knock-out mutagenesis.

3.3 Assembly of multiple gRNA spacers into Csy4 arrays
The assembly of two gRNA spacers per each targeted gene construct were performed as previously
described by Cemák et al. (2018) [using protocol 3A in their supplemental material]. The generation of
fragments was performed using a standard PCR strategy (Table 4). The PCR reaction was carried out for
each gRNA cassette using 0.25 uL (0.5 unit) Q5 High Fidelity DNA Polymerase (New England Biolabs),
5 uL of 5X Q5 Reaction Buffer (New England Biolabs), 0.5 uL of 10 mM dNTP Solution Mix (New
England Biolabs), 1.25 uL of 10 mM Forward Primer, 1.25 uL of 10 mM Reverse Primer, 1 uL of Template
DNA (5 ng uL-1) and DNase-free water in a 25 uL reaction volume, with the following cycle: 98°C/1min +
10x (98°C/10sec + 60°C/15sec + 72°C/2min) + 72°C/2min + 4°C hold. The pDIRECT_22C target cloning
vector was used as a template for the PCR, except for reaction #1, which used a BanI-digested version of
pDIRECT_22C, with the primer combinations shown in Table 2 per each gene. Successful integration into
the vector was confirmed then via electrophoresis using a 1.5% Agarose (Promega) gel with GelRed
staining (Biotium) on a electrophoresis camera for 45 min at 100 mV (Advance). Each PCR product was
further purified and concentrated with the DNA Purify and Concentrator kit (New England Biolabs) and
eluted in 6 μL of elution buffer. The Golden Gate cloning was performed using 50 ng of target vector, 0.5
μL of each PCR product, 0.5 μL (5 units) of SapI (New England Biolabs), 0.5 μL (5 units) of Esp3I (New
England Biolabs), 1 μL (3,000 units) of T7 DNA ligase (New England Biolabs), 10 μL of 2X T7 DNA
ligase buffer (New England Biolabs) and DNase-free water in a 20 μL reaction volume. The PCR conditions
used for cloning were as follows: 20 x (37°C/5min + 25°C/10 min) + 4°C hold. NEB 5-alpha competent E.
coli cells were transformed using 5 μL of the Golden Gate reaction and plated on LB + 50 mg/L of
kanamycin. To confirm the correct transformation, around 5-8 colonies were screened via colony PCR
12

using the primers shown at Table 5. The PCR master mix was prepared with Emerald GT MasterMix
(Takara Bio) and the colony PCR conditions were as follows: 98°C/30sec + 30x (98°C/10sec + 50°C/15sec
+ 72°C/1min) + 72°C/2min + 4°C hold. The PCR product was confirmed via electrophoresis using a 1.5%
agarose gel with GelRed staining on an electrophoresis camera for 45 min at 100 V. Plasmid DNA of
confirmed transformed E. coli was isolated with a standard manual miniprep protocol (Green and
Sambrook, 2018) for two correct clones per gene and sent for sequencing confirmation using the universal
primer TC320 (Table 5). The correctly assembled DNA plasmids were then be transformed into
Agrobacterium tumefaciens electro-competent cells strain LBA4404 using 5 μL of plasmid DNA at 10 ng/L
by the standard electro-competent protocol (Van Eck et al., 2019) using a Micro Pulser (Bio-Rad). Backup plates and glycerol stock of the DNA construct stored in E. coli and LBA4404 were made and kept at 80°C for further purposes.
Table 4. Reactions performed for assembly 2 gRNA spacers
Reaction #1

oCmYLC primer + CSY_gRNA1

Reaction #2

REP_gRNA1 + CSY_gRNA2

Reaction #3

REP_gRNA2 + CSY_term

Table 5. Primers used for colony PCR and sequencing
Promoter

Primer name

Primer sequence

TC320

CTAGAAGTAGTCAAGGCGGC

TC089R

GGAACCCTAATTCCCTTATCTGG

CmYLCV

3.4 Assembly of 10 gRNAs targeting 5 genes into a single Csy4 array
The assembly of 10 gRNAs targeting 5 genes was performed as described by Cemák et al. (2018) [protocol
3S1 in their supplemental material]. A PCR reaction was carried out for each gRNA cassette using 0.25 uL
(0.5 units) Q5 High Fidelity DNA Polymerase (New England Biolabs), 5 uL of 5X Q5 Reaction Buffer
(New England Biolabs), 0.5 uL of 10 mM dNTP Solution Mix (New England Biolabs), 1.25 uL of 10 mM
Forward Primer, 1.25 uL of 10 mM Reverse Primer, 1 uL of template DNA (5 ng uL -1) and DNase-free
water in a 25 uL reaction volume, with the following cycle conditions: 98°C/1min + 10x (98°C/10sec +
60°C/15sec + 72°C/2min) + 72°C/2min + 4°C hold. The pMOD_B2203 and pMOD_C2200 target cloning
vectors were used as templates, except for reaction #1 of module B which used a digested version of
pMOD_B2203 with BanI (New England Biolabs). The primer combinations were used as shown in Tables
6 and 7 per each module. To verify successful amplifications, an electrophoresis gel was performed with 5
uL of each PCR product on a 2% Agarose (Promega) gel with GelRed (Biotium) staining on an
electrophoresis camera for 50 min at 100 V (Advance). Each PCR product was further purified and
concentrated with the DNA Purify and Concentrator kit (New England Biolabs) and eluted in 6 uL of elution
buffer. A Golden Gate cloning reaction was performed using 50 ng of target vector, 0.5 uL of each PCR
product, 0.5 μL (5 units) of SapI (New England Biolabs), 0.5 μL (5 units) of Esp3I (New England Biolabs),
1 uL (3,000 units) of T7 DNA ligase (New England Biolabs), 10 ul of 2x T7 DNA ligase buffer (New
England Biolabs) and DNase-free water in a 20 uL reaction size. The cycling conditions were as follows:
20x (37°C/5min + 25°C/10 min) + 4°C hold. After cloning, NEB 10-beta competent E. coli cells (New
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England Biolabs) were transformed using 5 uL of the Golden Gate reaction product and plated on LB + 50
mg/L of kanamycin. To confirm transformed clones, around 5-10 colonies were screened via colony PCR
with the primers shown at Tables 8 and 9. Using the Emerald GT MasterMix (Takara Bio), the following
PCR conditions were applied: 98°C/30sec + 30x (98°C/10sec + 50°C/15sec + 72°C/1min) + 72°C/2min +
4°C hold. The PCR product was confirmed via electrophoresis with a 1.5% agarose gel stained with GelRed
(Biotium) on an electrophoresis camera for 45 min at 100 mV (Advance). Plasmid DNA was isolated with
a manual miniprep protocol for at least four correct clones per module and were sent for sequencing
confirmation using primers TC320 and CS433 for pMOD_B2203 and pMOD_C2200 respectively (Tables
8 and 9). The two arrays were assembled with the Csy4-Cas9 module at pMOD_A0501 into the T-DNA
transformation backbone pTRANS_2200 as previously described in Cérmak et al. (2018) [Protocol 5 in
their Supplemental material].
The correct assembled DNA plasmids were introduced into Agrobacterium tumefaciens electro-competent
cells strain LBA4404 using 5 uL of plasmid DNA at 10 ng/L by the standard electro-competent protocol
using a Micro Pulser (Bio-Rad). Back-up plates and glycerol stock of the DNA construct stored in E. coli
LBA4404 were made and kept at -80°C for further purposes.
Table 6. Reactions performed for assembly of 6 gRNA spacers into pMOD_B2203
Reaction #1

oCmYLC primer + CSY_BIF_gRNA1

Reaction #2

REP_BIF_gRNA1 + CSY_BIF_gRNA2

Reaction #3

REP_BIF_gRNA2 + CSY_EJ2_gRNA1

Reaction #4

REP_EJ2_gRNA1 + CSY_EJ2_gRNA2

Reaction #5

REP_EJ2_gRNA2 + CSY_cycB_gRNA1

Reaction #6

REP_cycB_gRNA1 + CSY_cycB_gRNA2

Reaction #7

REP_cycB_gRNA2 + CSY_term

Table 7. Assembly of 4 gRNA spacers into pMOD_C2200
Reaction #1

REP_full_FW11.3_gRNA1 + CSY_FW11.3_gRNA2

Reaction #2

REP_FW11.3_gRNA2 + CSY_SP5G_gRNA1

Reaction #3

REP_SP5G_gRNA1 + CSY_SP5G_gRNA2

Reaction #4

REP_SP5G_gRNA2 + CSY_term

Table 8. Primers for colony PCR and sequencing of pMOD_B2203
Promoter

Primer name

Primer sequence (5’-3’)

CmYLCV

TC320

CTAGAAGTAGTCAAGGCGGC
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TC089R

GGAACCCTAATTCCCTTATCTGG

Table 9. Primers for colony PCR and sequencing of pMOD_C2200
Terminator

Primer name

Primer sequence (5’-3’)

TC320

CTAGAAGTAGTCAAGGCGGC

TC089R

GGAACCCTAATTCCCTTATCTGG

CSY

Table 10. Vectors used for each targeted gene
Vector used

Target Gene

pDIRECT_22C

BIF

pDIRECT_22C

CycB

pDIRECT_22C

J2

pDIRECT_22C

EJ2

pDIRECT_22C

MULTI

pDIRECT_22C

SP

pDIRECT_22C

SP5G

pDIRECT_22C

FW11.3

pMOD_B2203

BIF, EJ2, CycB

pMOD_C2200

FW11.3, SP5G

3.5 Tomato transformation for CRISPR/Cas9 knock-out mutagenesis
Transgenic tomato plants were generated using the CRISPR/Cas9 + Csy4 system vectors via
Agrobacterium-mediated cotyledon transformation method (Qiu et al., 2007). The first leaves of the plant,
after 11-14 days of germination (promoted with a previous 2.7% sodium hypochlorite treatment for 1 h),
were transformed using A. tumefaciens strain LBA4404 harboring the transformation backbones for each
knock-out approach. The pre-cultivation medium consisted of full-strength MS (Murashige and Skoog,
1962) supplemented with 2.3 μM zeatin, 2.8 uM indole acetic acid (IAA), 500 mg L-1 polyvinylpyrrolidone
(PVP), 100 μM of acetosyringone (AS), 3% sucrose and 7 g L-1 of Phyto-Agar (pH = 5.8). After two days
in the dark at 25°C (± 1°C), the explants were transferred to regeneration medium, which consisted of fullstrength MS medium supplemented with 2.3 μM zeatin, 2.8 uM indole acetic acid (IAA), 300 mg L -1
Meropenem, 100 mg L-1 kanamycin (KAN), 3% sucrose and 8 g L-1 of Phyto-Agar (pH 5.8). These
transformed shoots were kept in light 16-h photoperiod at 25°C (± 1°C), 25 μmol photons m-2 s-1 PAR
irradiance. The regenerated shoots were transferred to full strength MS medium containing 300 mg L-1
Meropenem, 100 mg L-1 kanamycin, 3% sucrose, 8 g L-1 of Phyto-Agar (pH = 5.8). All media were
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autoclaved at 121°C and 1 atm for 20 min. During acclimatization, fully developed plantlets were
transferred to pots (350 mL) containing commercial substrate (Basaplant Vegetables, Agro-Base) and
vermiculite (1:1). The overview of the entire protocol for single- and multiplex-gene knock-out is shown in
Figure S1.
3.6 Detection of CRISPR/Cas9-induced mutation
To detect and confirm the desired mutations on the targeted genes, genomic DNA was isolated from the
transformed regenerated shoots and/or leaf tissue selected by antibiotic tolerance and confirmed via PCR
fragment size using specific targeted primers that were designed to uncover potential mutations per each
LOF single-gene strategy. Potentially correct edited lines were sent for Sanger sequencing to determine the
specific
induced
mutagenesis
as
previously
described
(Cémark
et
al.,
2017).

4.0 Results
4.1 Direct assembly of genome engineering constructs
We used the direct cloning vector pDIRECT_22C as the vector backbone (T-DNA) with selectable
expression cassettes, and the Cas9 nuclease, previously described in Cérmak et al., 2018 for the single
knock-out mutagenesis approach. The multiple gRNAs were added in a single step using a Golden Gate
cloning protocol (Engler et al., 2009). Confirmed assembled vectors via Sanger sequencing for each single
knock-out strategy are shown in Figure S5.
4.2 Modular assembly of genome engineering constructs
We used the two modular vectors, pMOD_B2203 and pMOD_C2200 to assemble together with
pMOD_A0501 vector, which contains a fused Cas9-Csy4 protein with nuclear tagging, into a binary TDNA vector backbone, pTRANS_220, following the previously described protocol (Čermák et al., 2017b).
Golden Gate cloning was used to assemble the individual modules and join them into the transformation
backbone with the enzymes SapI, Esp3I and T7 DNA ligase. Vector selection and construct design was
carried
out
with
the
CRISPR
Multiplex
online
resource
(http://cfanspmorrel.oit.umn.edu/CRISPR_Multiplex/). Table S1 and Figure S2 describes the primers used for
screening and confirmation of the correct multiplex assembly. The confirmed assembled vector for the
multiplex strategy is shown in Figure S6. As shown in Figure S6, only 8 from 10 gRNAs were successfully
introduced into the pTRANS_2200.

Figure 4. Detailed view of regeneration and acclimatization stages of tomato cotyledons after
Agrobacterium-based transformation. (A) Regeneration of shoots using SIM medium plates. (B)
Regeneration of roots using magenta boxes with RIM medium. (C) Acclimatization of regenerated
plants growing in commercial soil under greenhouse conditions. SIM: Shoot inducing medium; RIM:
Root inducing medium.
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4.3 Single-gene knock-out mutagenesis in S. cheesmaniae
We conducted a single-gene knock-out approach to target eight genes separately in the tomato genome (BIF
- Solyc12g019460, CycB - Solyc06g074240, FW11.3 - Solyc11g071940, J2 - Solyc12g038510, SP Solyc06g074350, EJ2 - Solyc03g114840, MULTI - Solyc02g077390 , and SP5G - Solyc05g053850). Each
gene was targeted for deletion using two gRNAs. We designed Csy4 arrays of 2 gRNAs targeting each of
the eight target genes in the S. cheesmaniae genome. Figures S1 and 3 describe the general overview of the
methodology for agrobacterium-based transformation and the development of single explants up to fully
developed transgenic plants, respectively. The 35S constitutive promoter was used to express Cas9-Csy4,
and the CmTLCV constitutive promoter drove expression of the entire set of gRNA arrays. Selection of
transformants was carried out using kanamycin. The final vectors expressing Cas9, and the gRNA array
were used to transform S. cheesmaniae. In order to confirm true mutants, both PCR and Sanger sequencing
were used to detect the targeted deletions on the regenerated and fully developed S. cheesmaniae plants.
4.4 Multiplexed knock-out mutagenesis in S. cheesmaniae
We conducted a multiplex approach by targeting five genes in the tomato genome (BIF - Solyc12g019460,
EJ2 - Solyc06g074240, CYCB - Solyc06g074240, FW11.3 - Solyc11g071940, and SP5G
Solyc05g053850). Each gene was targeted for knockout using two gRNAs across coding regions to promote
a longer deletion event within the targeted genes. We designed Csy4 arrays of 10 gRNAs targeting the five
genes (2 gRNAs for each gene targeted) in the S. cheesmaniae genome. The CaMV35S promoter was used
to express Cas9, and the CmTLCV promoter drove expression of the entire set of gRNAs. However, due to
time constraints, the final assembled vector was confirmed via Sanger sequencing and the positive clones
were kept at -80°C for further Agrobacterium-based transformation of tomato cotyledons (Figure S7).
4.5 Phenotyping of confirmed S. cheesmaniae single-gene mutants
In order to create a loss-of-function allele of JOINTLESS 2 (J2), double-strand breaks were promoted by
targeting the second and seventh exons of Solyc12g038510 gene with two different guide RNAs (gRNAs).
According to previous studies (Čermák et al., 2017a; Zsögön et al., 2018), using two gRNAs potentially
increases the chances for creating a long deletion event that ultimately results in silencing the genetic
expression of the target gene. Figure 5 shows the sequences of two successfully edited alleles of two J2
(E5001 and B9001) resulting from targeting exon seven with gRNA2. While both edited J2 alleles suffered
from a single-nucleotide deletion resulting in a change in the reading frame for this gene product, a singlebase substitution was found in B9001 mutant that did not promote an amino acid substitution. No INDEL
events or nucleotide substitutions were created over the J2 region targeted by our designed gRNA1.
Although absence of abscission zone (AZ) was not evident in T0 plants, their respective T1 seedlings are
being currently grown to corroborate the expected phenotype of this type of mutation described previously
by Roldan et al., (2017).
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Figure 5. Genomic sequence showing the site of gRNA2 targeting and the resulting missense mutation in the J2 gene. The sequences
of two gene-edited alleles (E5001 and B9001) compared to S. cheesmaniae wild-type allele are shown. Dash lines represent single
deletions. The nucleotides in bold and in red indicate the protospacer-adjacent motif (PAM) and insertion events, respectively.

The modulation of both lycopene and ꞵ-carotene molecules is important for its consequence on nutritional
value of tomato fruits. A diet rich in lycopene intake has shown to promote a reduction of cardiovascular
and cancer risks, while also been found to harbor anti-inflammatory properties (Chen et al., 2015; Campos
et al., 2017). However, there are only a few important sources of ꞵ-lycopene in our diet. Therefore, a
reduced expression of ꞵ-lycopene cyclase, encoded by the CycB gene in the chromoplasts in the cells of the
tomato fruit, has the capability of reducing lycopene conversion into ꞵ-carotene. For this purpose, we have
designed a single-gene knock-out strategy to create loss-of-function of Solyc06g074240 gene by targeting
its last exon using two gRNAs. Three different CycB mutants were created using this strategy (Figure 6).
Particularly, a single-base deletion was created in E1001 mutant, which caused a single amino acid
substitution (Ser → Leu) and a premature stop codon downstream the region targeted by gRNA1. Similarly,
the induced single-base deletion in E2001 mutant resulted in a shift in the reading frame of its transcript
product that ultimately resulted in a premature stop codon right after the region targeted by gRNA1. In
contrast to previous studies (Zsögön et al., 2018), our sequence-confirmed T0 CycB mutants did not show
significant changes in coloration of either their style or their fruit yellowish colors. However, T1 seedlings
of these CycB mutants are being grown to corroborate any significant changes in coloration from light
yellow to darker yellowish colors.

Figure 6. Genomic sequences showing the site of both gRNAs targeting and the resulting missense mutation in the CycB gene. The sequences
of three CycB mutant alleles (E1001, E2001, and C2001) compared to S. cheesmaniae WT are shown. Dash lines represent single deletions.
The nucleotides in bold and in red indicate the protospacer-adjacent motif (PAM) and insertion events, respectively.

Two loss-of-function alleles of the EJ2 gene were created targeting both third and seventh exons of
Solyc03g114840 gene, which is a homolog of the MADS-box gene SEP4 in Arabidopsis. Recent literature
has characterized its function as being involved in meristem maturation and inflorescence architecture
(Soyk et al., 2017a). In addition to their observations, produced CRISPR KO tomato lines of EJ2 developed
significantly longer sepals and fruits with pear-alike shape. Similarly, in our study, two EJ2 KOs plants
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(J2001 and U2001 mutants) developed significantly longer sepals (Figures 7 and 8) and the phenotype of
their resulting fully ripe fruits in T1 plants remain to be described to confirm a similar pear-shape. Figure 9
shows the edited sequences of these two generated EJ2 mutants compared to the wild species allele in S.
cheesmaniae. While J2001 mutant suffered from a single-base deletion, targeted mutagenesis of U2001
resulted in 3 single-base deletions and at least 6 single-base substitutions over the region targeted by
gRNA2. The single-base deletion induced in J2001 mutant resulted in a premature stop codon. On the other
hand, the several number of deletions and substitutions found across the region targeted by gRNA2 and its
genomic surroundings in the U2001 mutant might have negatively affected the proper function of its coding
product. In both mutants, no INDELs nor base substitutions were found over the region of exon 3 targeted
with gRNA1. Interestingly, the J2001 mutant showed extremely longer sepals in its T 1 fruits despite the
fact that only a single-base deletion was found over the region targeted by gRNA2 (Figures 7 and 8).

Figure 7. Unopened T1 EJ2 mutants’ inflorescences
showing longer sepals than S. cheesmaniae wild-type
allele. Scale bar: 5 mm.

Figure 8. Quantification of relative sepal
length (sepal length/petal length) of EJ2
mutants compared to wild-type allele. Twotailed t-test (WT vs. mutant lines):
***P<0.001 and ns = no significant; n = 5
plants for height. Data are depicted in box
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plots: box, interquartile range (IQR);
whiskers, 1.5 x IQR; center line, mean.

Figure 9. Genomic sequence showing the site of gRNA2 targeting and the resulting missense mutation in the
EJ2 gene. The sequences of two EJ2 mutant alleles (J2001 and U2001) compared to S. cheesmaniae wild-type
allele are shown. Dash lines represent single deletions. The nucleotides in bold and in red indicate the
protospacer-adjacent motif (PAM) and insertion events, respectively.

The role of SELF-PRUNING (SP; Solyc06g074350), which belongs to the CETS
(CENTRORADIALIS/TERMINAL FLOWER 1/SELF-PRUNING) gene family, has been characterized
for their impact on growth habit (Pnueli et al., 1998; Zsögön et al., 2018). For instance, a recessive mutation
in SP promoted a determinate growth in tomato plants (Atherton, 1986). Also, loss-of-function SP alleles
led to a more compact plant structure as a result of a reduced number of leaves of successive sympodial
units (Zsögön et al., 2018). In our study, three loss-of-function alleles of SP were achieved by targeting
both the second and third exons of Solyc06g074350 gene (Figure 10). Interestingly, a 12-bp deletion
resulted from targeting exon 2 in two SP mutants (V2001 and M2001) with gRNA1; these modifications
might have resulted in significant changes in function of the coding product by deleting at least five amino
acids within the region targeted by gRNA1. In contrast, a single-base deletion was induced with gRNA1 in
B7001 plants. No INDELs nor base substitutions were identified over the region targeted with gRNA2. In
addition, Figures 11 and 12 show descriptive views of the plant growth habit performed by T1 SP edited
plants when compared to the wild S. cheesmaniae phenotype. Phenotyping data on quantitative variation
of both height alterations and sympodial index are shown in Figures 13 and 14. Sympodial index refers to
the number of sympodial units’ structures per phenotyped plant (inflorescence plus three leaves). Taken
together, these results suggest that the M2001 mutant was significantly more affected by its edited SP allele.

Figure 10. Genomic sequence showing the site of gRNA1 targeting and the resulting missense
mutation in the SP gene. The sequences of three SP mutant alleles (V2001, M2001, B7001)
compared to S. cheesmaniae wild-type allele are shown. Dash lines represent single deletions.
The nucleotides in bold and in red indicate the protospacer-adjacent motif (PAM) and insertion
events, respectively.
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Figure 11. Representative comparisons of S. cheesmaniae wild-type allele vs. T1 SP mutant plants with determinate
growth habit at the same developmental stage. A) Comparison of T1 SP LOF V2001 vs. wild-type allele of S.
cheesmaniae. B) Comparison of T1 SP LOF M2001 vs. wild-type allele of S. cheesmaniae. C) Comparison of T1 SP
LOF M2001 vs. wild-type allele of S. cheesmaniae at earlier developmental stages. Scale bars: 5 cm.

Figure 12. Detailed comparison view of the vegetative branch with
successive sympodial units in S. cheesmaniae wild-type allele (on the
left) and T1 SP mutant (on the right). Scale bars: 5 cm.
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Figure 13. Height alterations in SP mutant
plants compared to S. cheesmaniae wildtype allele. Two-tailed t-test (WT vs.
mutant lines): ****P<0.0001; n = 5 plants
for height. Data are depicted in box plots:
box, interquartile range (IQR); whiskers,
1.5 x IQR; center line, mean.

Figure 14. Sympodial index in SP
mutant plants compared to S.
cheesmaniae wild-type allele. Twotailed t-test (WT vs. mutant lines):
*P<0.05 and ****P<0.0001; n = 5 plants
for sympodial index. Data are depicted
in box plots: box, interquartile range
(IQR); whiskers, 1.5 x IQR; center line,
mean.

The SELF-PRUNING 5G (SP5G) is a major gene in tomato that modulates daylength adaptation (Cao et
al., 2016; Soyk et al., 2017b). For instance, an induced mutant with a long deletion of 52 bp over the 3’
untranslated region of SP5G resulted in reducing its expression by attenuating its promoter-enhancer
interactions, and this resulted in flowering time insensitive to daylength (Zhang et al., 2018). In our study,
five loss-of-function alleles of the SP5G gene were achieved by targeting both the first and fourth exons of
the Solyc05g053850 gene. Among the introduced genetic variations into our T0 S. cheesmaniae plants
(Figure 15), mutant A2001 was successfully edited by creating two significantly long deletions (-72 and 50 bp) over the regions of the SP5G gene targeted by both gRNAs used; these modifications resulted in a
shift of the reading frame and potentially negatively affected the transcript product of this gene. In the case
of the A1001 mutant, a long deletion (-34 bp) over the region targeted by gRNA1 and several basesubstitutions (>6 amino acid substitutions) across the region targeted by gRNA2 and its genomic
surroundings might negatively affect the proper transcript product and function of its gene product. The
induced single-deletions in G1001 and F1001 mutants over the region targeted by gRNA1 potentially
resulted in a shift of its reading frames and introduced a premature stop codon. A quantitative analysis of
the flowering time as potential consequences of these editions are currently being recorded in T 1 plants.
However, in Figure 16 a comparison view on both developmental (e.g., vegetative growth, branching) and
reproductive structures (flowering) of the plant are depicted, where T1 SP5G mutants showed to have
developed multiple branching and inflorescences structures at early stages of development in comparison
to the wild-type allele of SP5G in S. cheesmaniae plants.
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Figure 15. Genomic sequence showing the sites of gRNA1 and gRNA2 targeting and the resulting missense mutation in the SP5G gene. The
sequences of five SP5G mutant alleles (A1001, A2001, G1001, F1001, and D5001) compared to S. cheesmaniae wild-type allele are shown.
Dash lines represent single deletions. The nucleotides in bold and in red indicate the protospacer-adjacent motif (PAM) and insertion events,
respectively.

Figure 16. Appearance of the T1 SP5G mutants compared to S. cheesmaniae wild-type allele at the same developmental stage. A)
Comparison of T1 SPG5 LOF F1001 vs. wild-type allele of S. cheesmaniae. B) Comparison of T1 SPG5 LOF A1001 vs. wild-type allele
of S. cheesmaniae. C) Comparison of T1 SPG5 LOF A2001 vs. WT. In C), the white arrows indicate flowers. Scale bars: 5 cm.

Previous studies where loss-of-function alleles of MULTIFLORA (MULTI) have been developed, resulted
in more fruits per truss, leading to higher yields (Zheng and Kawabata, 2017; Zsögön et al., 2018). To
promote the same yield improvement trait in the genetic background of S. cheesmaniae, we used two
gRNAs to target both the first and third exons of the Solyc02g077390 gene. Only three successfully edited
T0 plants resulted from this strategy (Figure 17). Interestingly, the most predominant type of induced
mutation among them was single-base substitutions over INDELs. Namely, both A7001 and AA008
mutants showed at least 10 single-base substitutions in comparison to the wild-type MULTI gene in S.
23

cheesmaniae; these modifications potentially affected the proper function and activity of its gene product
Although no significant differences were observed in T0 plants, further phenotypic screening is currently
being recorded using T1 plants.

Figure 17. Genomic sequence showing the sites of gRNA1 and gRNA2 targeting and the
resulting missense mutation in the MULTI gene. The sequences of three MULTI mutant
alleles (R2001, A7001, and AA008) compared to S. cheesmaniae wild-type allele are
shown. Dash lines represent single deletions. The nucleotides in bold and in red indicate
the protospacer-adjacent motif (PAM) and insertion events, respectively.

To modify the inflorescence architecture of S. cheesmaniae, the BIFURCATE TRUSS (BIF) gene, also
referred to as SIMAPK1 (Silva Ferreira et al., 2018), located at the tomato chromosome 12 has been chosen
for our single-gene knock-out strategy to create a loss-of-function mutation of Solyc12g019460. The
inflorescence architecture (“truss”) is defined by peduncle length, number of branch points, and number of
flowers per unit length of peduncle. Therefore, its inflorescence architecture can be translated into fruit
yield, and is related to synchronicity of growth and typing of fruits in tomato plants. The naturally occurring
BIF loss-of-function allele in some S. galapagense accessions (Aflitos et al., 2014) is characterized for
having highly branched inflorescence structures due to a premature stop codon (L291*) that removes 58
amino acids from the C-terminal end of the protein kinase domain (Marchler-Bauer et al., 2017; Silva
Ferreira et al., 2018). Using our strategy, both the first and third exons of the Solyc12g019460 gene were
targeted with two gRNAs, and one successfully edited mutant was recovered (L2001). As Figure 18 shows,
the L2001 mutant possesses a single-base deletion over the region of BIF gene targeted with gRNA1, which
results in a frame-shift that potentially promotes a premature stop codon. In addition, several single-base
substitutions were promoted over the region targeted by gRNA2 (data not shown) that resulted in two amino
acid changes (Val → Ala; Tyr → Arg). Taken together, these modifications might be affecting the proper
function of the BIF gene product. Also, Figure 19 shows a descriptive view of the inflorescence architecture
of the T0 L2001 plant, that already depicts a more branched inflorescence when compared to those of the
wild-type S. cheesmaniae allele. Further phenotypic analysis of inflorescences branching in T1 plants are
underway.

Figure 18. Genomic sequence showing the site of gRNA1 targeting and the resulting missense mutation in the BIF gene. The
sequence of one BIF mutant allele (L2001) compared to S. cheesmaniae wild-type allele is shown. Dash lines represent single
deletions. The nucleotides in bold and in red indicate the protospacer-adjacent motif (PAM) and insertion events, respectively.
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Figure 19. Image of an example vid truss at the fruiting stage.
Blue circles indicate the position of branch points. Scale bar:
1 cm.

Several genes have been found to be involved in modulating fruit size, such as WUSCHEL (WUS) and
CLAVATA3 (CLV3) (Chu et al., 2019), CNR/FW2.2 (Beauchet et al., 2021), and SIKLUH/FW3.2 (Zhang et
al., 2012), but for our single-gene knock-out strategy, the Cell Size Regulator (CSR/FW11.3) gene was
chosen because its mutation induces the development of larger fruits (Mu et al., 2017). Although the exact
mechanism of the CSR protein is yet unknown, previous co-expression analyses and GO term enrichment
analyses have suggested that CSR/FW11.3 might be involved in cell differentiation of both fruit tissues and
vascular bundles (Mu et al., 2017). The derived allele of CSR was identified to arise in Solanum
lycopersicum var cerasiforme, and it was found to be completely fixed in many cultivated tomato market
classes due to its significant effect in increasing the fruit size (Blanca et al., 2015). Thereby, a large deletion
at the 3’ end of Solyc11g071940 is considered a gain-of-function mutation due to its dominant effects on
fruit size (Mu et al., 2017). In our study, three loss-of-function alleles of the FW11.3 gene were achieved
by targeting two different sites at the 3’ end region of the Solyc11g071940 gene. However, we have not
confirmed any mutations in FW11.3 edited lines yet. Different molecular strategies for uncovering the
resulting editions via Sanger sequencing are currently underway.

5.0 Discussion
Previous loss-of-function studies have used CRISPR/Cas9 technology to create knock-out mutant lines of
the J2 gene, which encodes for the MADS-box protein SIMBP21, resulting in J2 mutant plants lacking the
abscission zone (AZ) within their inflorescences (Roldan et al., 2017). The abscission zone consists of
specialized cell layers that develop at the connection of leaves or flower parts to the leaflet or inflorescence
structures. Engineered and naturally occurring mutants that lack the flower AZ are preferred for mechanical
harvesting of tomato fruits (Roldan et al., 2017; Soyk et al., 2017a). Although the lack of AZ was not
recorded in our T0 edited plants, we expect to confirm a significant resemblance to this phenotype on T1
inflorescences or further progeny generations of J2 mutants as those generated by Roldan et al. (2017).
Other alternatives to our observations on the knuckle-like structures noted in T0 plants could be explained
by the formation of a pseudo-AZ structure, as suggested previously (Roldan et al., 2017). Microscopy
observations of longitudinal sections of AZs of T0 mutant inflorescences stained with phloroglucinol remain
to be performed and might help to uncover the desired phenotypic characteristics expected from this KO
approach as previously described in CRISPR J2 mutants (Roldan et al., 2017). Furthermore, naturally
occurring J2 mutants have been previously identified in a S. cheesmaniae accession LA0166 (Rick, 1956).
However, the LA0401 accession used for this study did not show either a jointless pedicel character or a
conversion of sepals to leaf like structures, as previously described in LA0166. Further characterization of
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the resulting progeny from our induced J2 S. cheesmaniae mutant plants could potentially help to elucidate
other interactions that might be involved in the development or absence of AZ structures.
Recent investigations have uncovered a significant prevalence of naturally occurring EJ2 together with J2
mutant alleles among elite tomato breeding germplasm (Soyk et al., 2017a). Both alleles have shown to
have an epistatic effect in previously induced mutant lines that resulted in excessive branching and,
ultimately, affecting total yield. Additional genetic suppressors have been suggested to be involved in elite
tomato breeding varieties harboring both loss-of-function alleles, without negatively affecting its yield
(Soyk et al., 2017a). Interestingly, dosage-dependent quantitative variation of these transcription factors
involved in meristem maturation have also proved to play an important role in modulating their phenotypic
consequences, and it can potentially be exploited for breeding purposes by improving inflorescence
architecture and yield. In this study, two induced EJ2 mutants were generated via CRISPR/Cas9
mutagenesis. Even though elongated shapes of fruits were not detected in fruits of T1 mutant plants besides
extremely longer sepals, further characterization of segregating populations of these mutant lines might be
successful to show noticeable pear-shaped fruits. The value of inducing loss-of-function EJ2 alleles into the
wild tomato genome of S. cheesmaniae not only intended to mimic the desirable agronomic trait of getting
enlarged tomato fruits, but it also could help to further dissect potential interactions between meristemexpressed SEP4 genes and yield a tomato plant harboring a significant capacity for salt-tolerance.
In order to create edited S. cheesmaniae lines with a daylength insensitivity trait resulting in flowering in
less than 40 days, we developed two single-gene knock-out strategies to create loss-of-function alleles of
the SP5G gene. Our knock-out strategy resulted in five T0 SP5G successfully edited plants, from which two
possess significantly longer deletions (Figure 15). Further quantitative analyses focused on correlating the
flowering time with yield in T1 plants remain to be conducted. Interestingly, low nucleotide diversity in the
genomic surrounding of the SP5G gene have been found in cherry and big-fruit tomatoes when compared
to wild species (Zhang et al., 2018). These observations suggested a domestication sweep event, a result
from positive selection during the domestication process of tomato plants (Lin et al., 2014). A deeper
analysis of the genomic surroundings of the SP5G gene in S. cheesmaniae plants and our induced mutants
might further corroborate these observations. Furthermore, studies on induced mutants have suggested that
SP5G regulates flowering time in a dosage-dependent manner. Hence, further analyses on the expression
levels of SP5G in our T1 and other segregating populations of our induced mutants could corroborate those
observations.
As an illustration for lycopene content in tomatoes, cultivated cherry tomatoes harbor around 60-120 mg
kg-1, whereas up to 270 mg kg-1 can be found in S. pimpinellifolium fruits (Ashrafi et al., 2012). Therefore,
with the intent of reducing or eliminating the conversion of β-lycopene to β-carotene, we promoted knockout mutations over the nuclear gene CycB, which encodes a β-cyclase and acts in the chromoplasts of the
tomato fruit. However, the induced genetic alterations in the CycB gene did not show altered phenotypes in
our T0 plants as also reported in previous studies (Zsögön et al., 2018), such as flowers with orange
antheridial cones or deep red fruits, a quantitative determination of the carotenoid content in fruits of T1
plants might help to elucidate altered changes in concentration. In the case of the single-gene strategy used
for targeting the SP gene, further characterization of potential off-target events resulting from using both
gRNAs used for targeting the Solyc06g074350 gene in our S. cheesmaniae induced SP mutants can address
the specificity of our single-gene knock-out strategy. In particular, a closer look into the second exon of
related genes, such as Solyc01g009560 , Solyc01g009580, and Solyc09g009560 remains to be carried out
since the off-target analysis performed with CHOP-CHOP software of gRNA1 identified those genes as
potential mismatches to our SP KOs strategy. Similarly, although no INDELs or substitutions events were
identified over the region of the SP gene targeted with gRNA2, results from the off-target analysis suggested
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potential mismatches in the second exon of Solyc01g009560, third exon of Solyc01g009580, and third exon
of Solyc03g119100 genes, and their correspondent assessment can be pertinent. In particular, potential
mutation events in the Solyc03g119100 gene, previously associated with water-use efficiency and drought
resistance in tomato (Zsögön, 2011), could yield surprising results that can be further exploited for breeding
strategies of resilient tomato plants under both water-stress and high soil salinity conditions.
Strikingly, several attempts to promote INDEL events in the MULTI gene resulted in single-base
substitutions events only (Figure 11). However, these changes may not be enough to modify the expression
of the MULTI gene, and this might explain why no significant changes in flower branching and number of
fruits can be identified in our T0 edited plants. In addition, these results are consistent with previous attempts
to create loss-of-function alleles of MULTI where low efficiency to recover any mutations was noted
(Zsögön et al., 2018). Further analysis of expression on the transcripts of MULTI on edited T0 plants or its
progeny could help to elucidate the effects of these genetic modifications at a quantitative expression level.
To increase the fruit size of the characteristic small-sized tomato fruits of S. cheesmaniae plants, a singlegene knock-out strategy of the FW11.3 gene was performed. The induction of loss-of-function alleles of the
FW11.3 gene, also referred as Cell Size Regulator (CSR), has shown to increase the fruit size by affecting
the endoreduplication of the pericarp cells in tomato fruits (Mu et al., 2017). Unfortunately, the genomic
mutations of the FW11.3 gene have not been identified by sequencing in our T0 edited plants yet, but
analysis of PCR fragments of four induced T0 mutants have revealed different alleles based on bp-length
when compared to the wild-type allele of FW11.3 in S. cheesmaniae. Further molecular strategies for
uncovering the induced genetic modifications along the FW11.3 gene and its genomic surroundings via
Sanger sequencing are being conducted in both T0 and T1 plants.
To increase the inflorescence branching of S. cheesmaniae resulting in higher yield, loss-of-function alleles
of the BIF gene were induced in this study. Only one successfully edited mutant has been recovered (L2001)
resulting from a one single-base deletion. Although silencing of the BIF gene should result in higher
inflorescence branching, variations on the phenotypic outcome might be expected. For instance, a previous
study showed that some accessions of S. galapagense harboring a long truncation at the C-terminal end of
the BIF protein have inflorescences with 2-3 branches only (Darwin et al., 2003). This observation
suggested that the bif truss branching phenotype is not fully expressed in S. galapagense due to potential
epistatic or environmental interactions. Similar observations can be drawn in the genomic background of
S. cheesmaniae, a closely related wild tomato species of S. galapagense, and further genomic and
phenotypic analyses in our T0 and T1 mutant plants can be conducted to uncover any similarities between
both Galapagos Islands’ species.
Monitoring the stability of the observed phenotypes in T2 and T3 generations of the single-gene edited plants
remain to be done. Other important traits such as Brix value, fruit shape, and locule number would be
interesting to assess in future generations. Furthermore, addressing the specificity of our single-gene knockout strategies is also another perspective for this project. Sequencing the most closely related off-target loci
for each designed strategy might yield interesting results and it could also uncover epistatic effects that
might be affecting the phenotype of T0 edited plants and their progeny.
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6.0 Conclusions and perspectives
The generation and use of plentiful genomic metadata along with bioinformatic tools for discovering novel
genes and its regulatory elements controlling important agronomic traits in plants are boosting the design
and development of favorable alleles for important crops worldwide. The prompt and widely adoption of
CRISPR/Cas9, as well as its other recently developed CRISPR-based systems (Bayat et al., 2017; Khan et
al., 2019; Li et al., 2020; Ming et al., 2020) for genome editing in plants as a tool for improving our
understanding of their biological processes has arrived to catapulte agriculture to a new revolution:
Agriculture 4.0 (Zambon et al., 2019; Sott et al., 2020; Zhai et al., 2020; Liu et al., 2021). The introduction
of de novo domestication of wild species alongside redomestication strategies for recovering the lost genetic
diversity in our crops due to domestication effects is a significant game-changer for plant breeders and
farmers around the world (Li et al., 2018; Zsögön et al., 2018; Fernie and Yan, 2019; Khan et al., 2019).
Addressing the current challenges in agriculture due to population growth, soil deterioration, and climate
change effects in the 21st century is not an easy task (Zambon et al., 2019; Sott et al., 2020; Zhai et al.,
2020; Liu et al., 2021). However, with the advent of all these technologies, the introduction of gene batteries
or modulation of gene expression of entire genetic pathways to address high yields, high fertilizer-use
efficiency, high endurance and adaptation to harsh environmental conditions, improving nutritional value,
and even modulating flavor of our crops, are achievable goals with today’s advancements in different areas
of knowledge in plant biology, such as bioinformatics, biochemistry, and genomics.
In the present study, we have demonstrated that CRISPR-Cas9 genome editing is a powerful tool for rapidly
performing targeted genetic engineering to de novo domesticate the wild tomato species, S. cheesmaniae,
that harbors a desirable agronomic polygenic trait such as salinity tolerance (Pailles et al., 2019; Pailles et
al., 2020; Wani et al., 2020). Further work is still required for successfully achieving multiplexed
mutagenesis of S. cheesmaniae to assess the phenotypic effects resulting from five induced loss-of-function
alleles on agronomically important genes in tomato. Notwithstanding, the current results from our singlegene mutant lines of S. cheesmaniae indicate that the next steps toward multiplexed mutagenesis on its wild
genomic background are likely to yield exciting and insightful results.
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Chapter II
Introgressing Septoria leaf spot resistance from wild tomato accessions into West Virginia cultivars
using in vitro techniques and genetic markers: Developing alternatives for organic farmers
Abstract
Septoria leaf spot (S. lycopersici) is a major fungal disease of tomatoes (Solanum lycopersicum) around the
world. In the state of West Virginia, this disease has recently become a serious problem. Besides conventional
uses of fungicides and crop rotation strategies, there are not effective alternatives for organic farmers, and
resistant tomato varieties are not available. Different levels of tolerance against Septoria leaf spot were identified
in Solanum peruvianum LA2744, Solanum arcanum LA1984, and Solanum corneliomulleri LA1910. To
overcome the natural crossing barriers between the cultivated species and the chosen wild tomato species, several
attempts of in vitro ovule culture were performed to produce five F1 interspecific hybrids using the local
cultivated varieties (‘WV-63’ and ‘WV-17B’) as recurrent parents. To confirm the interspecific hybridization of
F1 plants, a cladistic characterization of taxonomic traits together with CAPS molecular markers were used.
Confirmed hybrids were then used for backcrossing and the development of F2 and pseudo-F2 populations for
each combination of parentals. The H4-F2 segregating populations are being used for segregation analysis and
molecular characterization of the genetic inheritance of Septoria resistance in tomato. This research will further
our understanding of genetic sources of Septoria leaf spot resistance and will result in tomato cultivars that are
tolerant to an important disease in the Northeast region of the U.S., thus allowing the crop to grow more
sustainably by requiring less pesticide applications.
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1.0 Introduction
Tomato diseases contribute to almost 40% of field-related yield loss worldwide (2020). Several strategies
have been developed to control disease in tomato crops, including a wide spectrum of chemical pesticides.
However, an intense use of pesticide sprays has shown to be harmful to both humans and the environment
by inhibiting the viability of beneficial organisms and resulting in an ecological imbalance (Damalas and
Eleftherohorinos, 2011). Organic farming has arisen as a sustainable alternative for agriculture worldwide.
It consists of agricultural practices with significant low inputs of synthetic pesticides and fertilizers. In
2018, 71.1 Mha of global croplands were certified for organic practices (FAOSTAT, 2020), an area larger
than the state of of West Virginia. However, over half of that total is located in Australia, contrasting to
the 3% located in the U.S. (Fess et al., 2011). A growing community of industrial and family farmers
together with home gardeners are rapidly adopting organic systems as the U.S. organic demands
significantly increase (FAOSTAT, 2020). Indeed, organic food sales in the U.S reached US$ 50.1 billion
in 2019 and has sustained a steady increment since 2005 (FAOSTAT, 2020). The total global use of
pesticides reported in 2018 reached 4.1 million tons, from which the U.S. and China each accounted for
more than 1.8 million tons (FAOSTAT, 2020). Therefore, the United States used 2.54 kg per ha (407 779
tons) of pesticides, encompassing 10% of the global use of pesticides. In contrast, about 190 million tons
of fertilizers were consumed in 2018 globally, of which 58% was nitrogen (FAOSTAT, 2020).
Furthermore, developing organic varieties via traditional breeding was heightened as priority per directions
of the U.S. organic policy as a result of the 2008 Farm Act. These changes were highly influenced by the
USDA ban of seeds treated with fungicides and the use of GMO seeds (USDA, 2009). In the case of West
Virginia, the state was proposed as a target site for organic farming for having the highest percentage of
small growers and farms when compared to any other U.S. state (Farmer et al., 2014). In addition, the
conversion of the entire 60-acre Horticulture Farm of WVU to organic production in 1999 was recognized
by the USDA as one of the first efforts towards a long-term organic farming system within the country
(Verlinden et al., 2017).
Plants of the cultivated tomato suffer from many diseases caused by bacteria (e.g., Xanthomonas campestris
pv. vesicatoria, Pseudomonas syringae pv. tomato, Clavibacter michiganensis subsp. michiganensis), fungi
(e.g., Cladosporium fulvum, Sclerotium rolfsii, Corynespora cassiicola), viruses (e.g., ToMV: tomato
mosaic virus, TSWV: tomato spotted wilt virus, TYLCV: tomato yellow leaf curl), and nematodes (e.g., rootknot nematodes). These diseases also contribute to the reduction of hybrid seed recovery from the field.
Interestingly, modern tomato plants possess a significantly higher gene content that SLL heirlooms, since
they are a result of intense introgression of disease resistance and abiotic stress tolerance alleles from wild
species into modern cultivars of tomato (Labate and Robertson, 2012; Menda et al., 2014). However, recent
studies on the domestication syndrome of tomato have revealed that defense response related genes were
significantly less selected during both the domestication and improvement stages of our modern tomato
crops, especially those genes related to cell wall thickening, which influences both abiotic and biotic stress
responses (Gao et al., 2019; also, cf. the introduction of this thesis). Therefore, several pathogen resistance
traits have been lost during these processes, including those associated with currently raising diseases in
tomato worldwide.
Septoria leaf spot (SLS) is a major fungal disease of tomato caused by Septoria lycopersici that afflicts
crops around the world (Baldicera et al., 2020). SLS effects in tomato crops are characterized for dark spots
lesions that rapidly appear within older leaves (Figure 1). The vegetative deterioration of tomato plants by
SLS significantly affects its yield by decreasing the overall plant’s photosynthesis levels (Tedla, 1985; Gul
et al., 2016). It is a common and particularly destructive disease in the eastern United States and Canada.
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In the state of West Virginia, since 2010 this disease has become a problem for gardeners, especially in wet
summers. Some traditional methods used to control the expansion of this disease in tomato cultivars are a
3-year rotation coupled with destruction of weed hosts, and the frequent use of fungicides. However, this
strategy is ineffective when the disease reaches a certain severity threshold, especially in highly susceptible
cultivars, and in organic settings, which do not allow the application of synthetic fungicides.

Figure 1. Infected leaves of S. lycopersicum cv. ‘WV-63’
with Septoria leaf spot. Scale bars in all pictures: 1 cm.

The delivery of genetically disease resistant crops has been highlighted as the most effective and ecofriendly strategy of disease control in crops. Indeed, genetic techniques (and especially the use of natural
variants and interspecific crossings) play a major role in the development of disease-resistant cultivars. To
meet a demand from home gardeners and to avoid the intoxication and environmental risks associated with
the use of synthetic pesticides, there is an urgent need to develop more effective approaches to control leaf
spot disease in tomato gardens in West Virginia and the Northeast region of the U.S.
At West Virginia University, new tomato cultivars with resistance to different pathogens have been
developed in the past. The first tomato variety was developed by Dr. Mannon Gallegly and released in
1963. It was named WV-63 and has become a long-lasting and widely-adopted variety in Appalachia. This
inbred variety is characterized for harboring three specific genes which confers a level of tolerance against
late blight (Phytophthora infestans) as well as Fusarium and Verticillium wilts. Later in 2017, Prof.
Gallegly delivered two new WV tomato cultivars, ‘WV-17A’ (Mountaineer Pride) and ‘WV-17B’
(Mountaineer Delight), which resulted from crossings of ‘WV-63’ (as a recurrent parent) with the hybrid
‘Iron Lady’ during field trials at the WVU Organic Farm. ‘Iron Lady’ was released in 2013 by Cornell
University and consists of an F1 tomato hybrid characterized for having some resistance against SLS. Both
‘WV-17A’ and ‘WV-17B’ cultivars carry single-gene and multiple-gene resistances to late blight, and the
dominant Ve and I alleles for resistance to Verticillium and Fusarium wilts, respectively. And both new
varieties, like ‘WV-63’, showed low levels of tolerance to our local Septoria strains in WV.
Several wild species of the genus Solanum, especially S. peruvianum, S. habrochaites and S.
corneliomuelleri represent important sources of genes, conferring resistance to various diseases and pests
of cultivated tomatoes (Aflitos et al., 2014) (Figure 2). More than 100 loci underlying resistance to 30 major
tomato diseases have been genetically mapped (Al-Khayri et al., 2016; 2020). Although most of these major
effect resistance genes have reported to be dominant, recessive resistance genes have also been found.
Furthermore, for many other diseases, no major gene has been identified yet, or stronger pathogen variants
have broken its resistance (Al-Khayri et al., 2016).
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In this study, we have carried out a traditional breeding approach to introgress the disease resistance
loci/locus associated to SLS into the background of our home gardener varieties (‘WV-63’ and ‘WV-17B’).
However, as previous studies have shown, interspecific crosses between cultivated tomato and wild distant
relative species, such as S. peruvianum, usually results in post-zygotic barriers that involve embryoendosperm failure in developing the hybrid seed. To circumvent this obstacle, we employed a modified
version of ovule culture as an in vitro technique to promote the proper development of the rescued embryos
that ultimately will allow the full development of F1 hybrid plants to bear fruits and produce F1 seeds.
1.1 In vitro strategies to circumvent reproductive barriers
The current knowledge on reproductive barriers resulting from crosses between domesticated crops and
their wild distant relative species is still a growing field of study (Covey et al., 2010; Li and Chetelat, 2015;
Markova et al., 2016). Embryo development from such broad interspecific Solanum crosses is usually
arrested at different stages, primarily due to a lack of nutrition caused by developmental disturbances of the
endosperm, as well as mitotic anomalies of the hybrid endosperm and the zygote (Gradziel and Robinson,
1989; Gradziel and Robinson, 1991; Covey et al., 2010). To date, a narrowed variety of mechanisms behind
self-incompatibility (SI) in the Lycopersicum clade have been described, including the S-RNase-based SI
commonly found in Solanaceae, Rosaceae, and Scrophulariaceae species (Zhang et al., 2009). In addition,
unilateral incompatibility (UI), or incongruity is a reproductive barrier related to SI that involves pollen
rejection between closely related species and its exact mechanisms involved are less understood (Lewis and
Crowe, 1958; Mutschler and Liedl, 1994; de Nettancourt, 2001). In addition, it has been suggested as a key
mechanism that after being dissected will catapult the possibilities for interspecific crosses between closely
related species to explore their genetic diversity (Li and Chetelat, 2015).
Special techniques of in vitro embryo rescue and ovule culture have been used for years for achieving
successful hybridizations between distant wild relatives and the cultivated tomato (Bridgen, 2019).
Performing ovule culture has been highlighted over embryo culture due to its straightforward protocol
where entire ovules can be surface sterilized without compromising embryo viability. However, its
development and efficiency heavily depend on different factors including the genotype and medium
composition.
According to previous authors, only embryos excised from rare, abnormally large developing seeds are
usually cultured successfully (Poysa, 1990). Embryo culture techniques were developed and first applied
on crosses of S. esculentum with S. chilense, and it was rapidly fully adapted to crosses with S. peruvianum
due to its high importance as genetic reservoir of biotic and abiotic stress resistance traits (Thomas and
Pratt, 1981; Poysa, 1990).
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Figure 2. Phylogenetic tree of the tomato clade.

1.2 Marker-assisted selection and breeding
The use of genetic markers for chromosomal mapping of the genetic cues behind Septoria resistance, a
desirable agronomic trait harbored by wild accessions of tomato relatives, such as S. peruvianum, is herein
proposed. Originally developed for plant genetics and plant breeding, molecular markers have become
especially useful for genetic mapping of specific traits genes under study, especially in species with
sequenced genomes. The use of Cleaved Amplified Polymorphic Sequence (CAPS) markers is applicable
to a wide range of tasks in plant biology. In this study, we aimed to use CAPS markers to perform a genetic
mapping approach to identify the locus or loci associated with the SLS resistance trait.
This research will further our understanding on Septoria leaf spot resistance in tomato, and ultimately
generate improved varieties and breeding stocks for regions where this disease has become problematic.

2.0 Research goals and hypotheses
2.1 Research goals:
●
●

To create a new tomato variety based that is highly resistant to Septoria leaf spot (SLS);
To determine the nature of the genetic resistance (e.g., if mono/polygenic, dominant/recessive) and use
CAPS markers to map the resistance locus/loci on the tomato genome.

Specific goals:
● Identify a source of genetic resistance to SLS in wild tomato accessions (e.g., S. peruvianum, S.
arcanum, and S. corneliomuelleri);
● Create hybrids between ‘WV-63’ and the resistant genotypes (via in vitro ovule culture);
● Carry out recurrent backcrossing with ‘WV-63’ through selection of progeny and backcrossing up
to the BC4 generation.
2.2 Hypotheses:
●
●
●

Natural sources of genetic resistance to SLS are available in the genetic pool of wild tomato accessions;
Crossings between ‘WV-63’ and tomato wild accession are feasible via ovule culture;
The use of traditional breeding techniques assisted by CAPS markers will allow the genetic mapping
of the locus/loci responsible for SLS resistance in the tomato genome.
34

3.0 Material and Methods
3.1 Plant material and growth conditions
Tomato seeds of S. peruvianum LA2744, S. arcanum LA1984, and S. corneliomuelleri LA1910 were
obtained from the Tomato Genetics Resource Center (TGRC, Davis, CA). Tomato seeds of S. lycopersicum
cv. ‘WV-63’ and ‘WV-17B’ were obtained from the germplasm seed collection at WVU. Seed germination
was promoted by treating the seeds with sodium hypochlorite (2.5%) for 30 min and 1 h of tomato cultivars
and wild species, respectively, before sowing them in soil (Promix, regular use). Plants were cultivated and
grown in greenhouse conditions at 25/19°C day/night temperatures and average 60% relative humidity
using a 16-h photoperiod. Irrigation was applied as needed.
3.2 Fungus strain isolation and maintenance
The Septoria lycopersici strain was obtained from direct isolation from pycnidia produced on leaf lesions
of tomato plants grown locally in Morgantown, WV. These conidia were plated on V8 clarified solid
medium (Neal and Topoleski, 1983) with 100 mg L-1 of chloramphenicol to suppress bacterial growth
(Secor and Rivera, 2012). Pure Septoria cultures were grown in V8 clarified solid medium at room
temperature (25 ± 2°C) for ten days before needed for Septoria infection screenings. The fungus was
preserved in tubes containing V8 clarified solid medium at 10°C.
3.3 Selection and interspecific crossings
Two popular home garden WV tomato varieties (‘WV-63’ and ‘WV-17B’) were used as recurrent, female
parents (Figure S8), and the wild varieties (LA2744, LA1984, and LA1910: Figure S9) were used as pollen
donors in order to increase the hybridization success (Bedinger et al., 2011; Bridgen, 2019). Emasculation
of flowers of the female donors was performed by hand one day before anthesis during early mornings. The
female stigma was pollinated immediately after emasculation by using freshly collected pollen from the
male parent. The flower was covered with bags made of gift tissue paper, to avoid contamination from
foreign pollen, and allow for fertilization and fruit setting.
3.4 Fruit harvest and in vitro ovule culture of F1 hybrids
Cross-pollinated fruits were harvested at different developmental stages (from 15 to 35 DAP). Surface
sterilization of harvested fruits was performed by washing them with running distilled water for 5 min,
followed by immersion in sodium hypochlorite (2.5%) solution and ethanol (100%) for 30 min and 5 min,
respectively. Lastly, up to 6 consecutive washes with sterilized distilled water were performed to discard
any trace of salts and alcohol. The immature seeds were isolated aseptically using fine point tweezers and
cultured onto HLH medium (Neal and Topoleski, 1983) for in vitro ovule culture. Immature seeds were
kept for 25 days on HLH medium at 25 ± 2°C with 60% relative humidity following a 16-h photoperiod
using a growth chamber (Percival). Successful germination events of immature seeds or ovules were
recorded to assess the best timing or DAP to perform in vitro ovule culture. After 25 days approximately,
successfully germinated shoots were transferred to half strength MS medium (Phytobiotechnology) free
from growth hormones to promote root formation. The shoots were transferred to freshly prepared medium
every 20-25 days until reaching a fully plantlet developmental stage. The fully developed plantlets were
transferred to 4-inch squared pots containing peat moss mixed with vermiculite and lignite (1:1) (Promix
BX, general purpose) and kept under growth chamber conditions for acclimatization. Acclimatized plants
at the 5-6 leaf stage were transferred to 12-inch pots and grown under greenhouse conditions (set the same
as of growth chamber) until flowering and bearing fruits for further morphological and molecular
characterization of hybrids. Fully developed hybrids growing under greenhouse conditions were propagated
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vegetatively by cutting shoots and promoting root formation using a mixture of hormones (Hormodin 1,
OHP).
3.5 Morphological evaluation of F1 plants
The hybrid nature of F1 and backcrosses (BC1-2) was evaluated by visual morphological features of parents
and their resulting hybrid plants using a cladistic analysis of wild tomato species previously described by
Peralta and collaborators (Peralta et al., 2008). The morphological characteristics of the 4th leaf of each
cultivar parent and introgressed line were also assessed and recorded by up-top visualizations using an
office scanner.
3.6 Molecular characterization of F1 plants
To validate the hybrid nature of the tomato plants resulting from in vitro ovule culture, molecular
characterization of these plants was performed using CAPS markers designed to differentiate single
nucleotide polymorphisms between cultivars and wild species. Further details on the design of these
markers are provided in Table S2.
3.7 Septoria resistance screening of F1 plants
To test the Septoria resistance level of confirmed F1 plants (H1, H2, H3, H4, and H6), a series of trials for
Septoria resistance screening were performed. Using the pycnidia produced on 10-12 days old Septoria
isolates, a conidial suspension on sterile distilled water was made and adjusted to 5 x 105 conidia mL-1 using
a Neubauer spore counting chamber (Sigma Aldrich). A plantlet tray including all rescued plants (H1-H7)
and their parents (‘WV-63’, ‘WV-17B’, LA2744, LA1984, and LA1910) used as controls were sprayed
with the spore suspension, where replicates consisted of three plants per genotype. Inoculation and
symptom development were conducted inside of a moist chamber at 25 ± 2°C in the greenhouse. Disease
evaluation was carried out by assessing the susceptibility level of the plants against SLS after 5-7 days of
exposure to conidial inoculations of Septoria.
3.8 Generation of F2 and pseudo-F2 hybrids and backcrossing
Seeds resulting from fruits produced by hybrid H4 (‘WV-17B’ x LA1984), the only self-compatible F1
hybrid, were collected. Handled crossings between the other F1 hybrids with the same parental
combinations were performed to produce pseudo-F2 seeds. Backcrossing populations for each hybrid were
performed by pollinating the style of their respective recurrent parents (‘WV-63’ and ‘WV-17B’) with
pollen of the flowers from the hybrids up to the BC2 population.
3.9 Segregation analysis on H4-F2 plants using a Septoria tolerance score
Segregation analysis was performed using the chi-squared test in which observed values were compared to
expected values corresponding to the integration of one or more copies of the responsible loci for SLS
resistance. The introgression line population used for this purpose consisted of 214 H4-F2 seeds.
Subsequently, 214 F2 seeds and 15 parental seeds (as controls) were planted. Forty-day old plantlets were
challenged with spore inoculations of our S. lycopersici strain (as described above). After 5-7 days postspore inoculations, the disease incidence on these plantlets was scored by counting the number of lesions
(dark spots) on the 5th oldest leaflets, and by the percentage of infected leaflets per plant. The results were
translated to a Septoria tolerance score, from 1 to 5, where 5 referred to the highest susceptibility.

36

3.10 Genetic mapping of SLS resistance loci
Individual leaf disks were collected from each plant in the F2 segregating population of hybrid H4 for
marker development and to create a pool of each resistance group for future mapping-by-sequencing in
order to map the loci involved with SLS resistance.

4.0 Results
4.1 Fruit collection and in vitro ovule culture of interspecific hybrids
Fruits from interspecific crossing were harvested at different developmental stages, starting from 15 to 38
days after pollination (DAP) with intervals of 3 days. Up to 420 fruits were harvested and sterilized for in
vitro ovule culture as previously described. In total, 34,475 ovules or immature seeds were in vitro cultured
on HLH medium. The regeneration rate at different DAP was monitored, and results showed that immature
seeds from 25-30 DAP were more likely to regenerate with success. Only seven immature seeds (H1 - H7)
reached a fully developed plantlet stage (Table 1) and were transferred to 12-inch pots with soil for
acclimatization under greenhouse conditions. An overall scheme of the fruit collection and ovule culture
methodologies is shown in Figures S10 and S11.
Table 1. Successfully in vitro ovule culture and their interspecific cross
Hybrid Name (F1)

Interspecific crossing
(female x male)

DAP (Days After
Pollination)

H1

‘WV-63’ x LA1984

25

H2

‘W-V63’ x LA2744

33

H3

‘WV-63’ x LA1984

35

H4

‘WV-17B’ x LA1984

30

H5*

‘WV-63’ x LA2744

27

H6

‘W-V63’ x LA2744

27

H7*

‘WV-63’ x LA1910

64

*plants were later shown to be non-hybrid escapes.

4.2 Morphological evaluation of F1 plants
To describe morphologically the hybrid nature of inbreeding lines, shape characterization of the 4th leaf and
a cladistic analysis of wild tomatoes were applied on both parentals and F 1 plants. From this analysis,
different cladistic characters such as the presence of pseudostipular leaves, bracts, style extension, anther
tube shape, and hybridization compatibility were found to be distinctive for some F1 plants (Table 2 and 3).
Pseudostipular leaves (Figure 3), which are commonly found only in wild relative species of tomato, were
present in all F1 plants, except for H4 (‘WV-17B’ x LA1984). Similarly, bracts within inflorescences, a
structure found only in wild donor parents, were found in all F1 plants. In addition, the style extension
showed higher variation among the F1 plants (Figure 4): longer styles resulting in exerted style structures
37

were present in all F1 plants as a resemblance to their wild parents. In contrast, a curved anther shape
commonly found in tomato cultivars were identified in all F1 plants but hybrid H4. Interestingly,
incompatibility for self-hybridization (unilateral incongruity) was identified in all F1 plants but hybrid H4.
In addition, Figure S12 shows the morphological comparison of the leaflet structure for each hybrid in
comparison to their parentals.
Table 2. Morphological characterization of both parents and introgressed lines using a cladistic analysis of wild tomato species. The data
matrix used corresponds to cladistic character states described in Table 2.

Table 2. Morphological characters used in cladistic analysis of wild tomato species. Based on Peralta and Spooner (2005). Characters in bold
showed significant differences in our inbreeding lines.
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Number of nodes before branch bifurcation: 1) >30; 2) 17-20; 3) 10-15; 4) <10.
Number of leaves per sympodium: 1) >5; 2) 3; 3) 2.
Pseudostipular leaves: 1) absent; 2) present.
Number of lateral leaflet pairs: 1) 4-5; 2) 2-4.
Number of secondary leaflets: 1) 0-5; 2) 5-10; 3) 10-20; 4) 40-50.
Tertiary leaflets: 1) absent; 2) present.
Leaflet width 5 mm below the apex: 1) > 15 mm; 2) < 10 mm.
Inflorescence peduncle length: 1) > 7 cm, 2) 5-7 cm; 3) 3-5 cm; 4) < 3 cm.
Branches per inflorescence: 1) 4; 2) 2 often 3; 3) 1-2; 4) 1.
Bracts in inflorescence: 1) absent; 2) present.
Anthoclades: 1) 3.7; 2) 3.6.
Pedicel articulation: 1) mid to upper position; 2) variable; 3) basal.
Corolla shape: 1) symmetrical; 2) asymmetrical.
Length from center of corolla to apex of corolla lobe: 1) >1.5 cm; 2) 1-1.5 cm; 3) <1cm.
Anther color: 1) white; 2) yellow.
Anther lateral interlocking papillae: 1) absent; 2) small; 3) elongate.
Anther connation: 1) separate; 2) free but holding together; 3) tightly connate.
Anther appendages: 1) absent; 2) present.
Anther tube: 1) straight; 2) anther and appendages curved; 3) curved.
Style extension: 1) >1.8; 2) 1-1.8; 3) 0.5-1; 4) 0.5-0.
Fruit color: 1) green; 2) yellow to orange; 3) red.
Fruit size: 1) >25 mm diam. at widest point; 2) 15-25 mm diam. at widest point; 3) 5-15 mm diam. at widest point; 4) <5
mm diameter at the widest point.
Fruit pericarp: 1) thick and hard pericarp; 2) thin and leathery; 3) thin and membranaceous.
Seeds; 1) more than 3 mm; 2) less than 3 mm.
Compatibility: 1) self-incompatible; 2) self-compatible.
Breeding: 1) allogamous; 2) autogamous/facultative allogamous; 3) autogamous.
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Figure 3. Descriptive view of the presence of pseudostipular leaves in all three wild species (S. peruvianum, S. arcanum, and S.
corneliomuelleri) and their absence in S. lycopersicum cv. ‘WV-63’. Blue arrows depict the presence of pseudostipular leaves in
wild species. Scale bars: 1 cm.

Figure 4. Illustration of long extension of styles of inflorescences of
the wild species S. peruvianum LA2744. A common cladistic
characteristic of many wild species of tomato plants. Blue stars depict
extremely long style structures.

4.3 Molecular genetic characterization of F1 plants
To confirm the hybrid nature of F1 plants molecularly, CAPS markers were developed and used to
differentiate single nucleotide polymorphisms between the cultivars and wild species used. In total, 24
CAPS markers were developed to target a specific region located at each, upper (p) and lower (q)
chromosomal arms of the twelve chromosomes of tomato (Figure 5). Version Sl.2.4 of the tomato genome
(solgenomics.net/organism/Solanum_lycopersicum/genome) was used to design each pair of
oligonucleotide primers for PCR amplification of the genomic DNA fragment containing the singlenucleotide polymorphism corresponding to each CAPS marker. Restriction enzyme information available
from the SGN website (solgenomics.net) allowed our CAPS marker polymorphisms to discriminate
between cultivars and wild species. Both S. lycopersicum cv. Heinz and cv. Alisa Craig were used as
reference for cultivars. Meanwhile, the wild tomato accessions LA0118, LA2157 and LA2172, LA1278,
and LA1954, were used as genome references for S. corneliomuelleri, S. arcanum, and S. peruvianum,
respectively. Table 5 shows the primer sequences, restriction enzymes, and expected digested fragment
sizes for the 24 CAPS markers designed for this study. Using the CAPS-01Q-2 marker located at the lower
(q) arm of chromosome 1, two products of 270 and 230 bp resulted from all F1 plants (H1, H2, H3, H4, and
H6) as well as for their wild tomato parents (LA1910, LA1984, and LA2744) (Figure 6). These results
confirmed the hybrid nature of F1 plants. This approach also demonstrated that plants H5 and H7, which
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were recovered from in vitro ovule culture, were in fact not hybrids but they were derived from selffertilization of the female parent used in the crossing.

Figure 5. Physical mapping of CAPS markers across all 12 chromosomes of tomato. The scheme shows the location and
distribution of each designed CAPS marker across the tomato chromosomes. Graph developed using chromoMap package in
RStudio.

40

Figure 6. Agarose (1.1%) gel with CAPS-01Q-2 marker showing PCR
product size polymorphisms between recurrent parents (‘WV-63’ and
‘WV-17B’), donor parents (LA1910, LA1984, and LA2744) and F1
hybrids (H1-7). Primer details are provided in Table 3. Image color was
inverted for better visualization of bands.

4.4 Septoria resistance screening of F1 plants
F1 plants were challenged with Septoria spore inoculations and showed different degrees of tolerance
against our local Septoria strain. In particular, hybrid H4 showed the highest resistance level and did not
develop any dark spot lesions on its leaves. These results were further supported by repeated trials of
Septoria resistance screenings performed by Dr. Mannon Gallegly (personal communication). As an
illustration, Figure 7 depicts a comparative view of the resistance recorded in the parental wild species S.
peruvianum LA2744 versus the susceptible recurrent parent ‘WV-63’.

Figure 7. Descriptive view of high versus almost marginal tolerance
against Septoria leaf spot in S. peruvianum and S. lycopersicum cv.
‘WV-63’, respectively.

41

4.5 Generation of F2, pseudo-F2, and backcrossing populations
In order to generate F2 segregating populations for genetic mapping, fruits produced by H4 self-crossing
were harvested and their seeds were stored for later analyses. However, the remaining of the F1 confirmed
hybrids (H1, H2, H3, and H6) showed unilateral incongruity (UI; a dominant trait from wild accessions).
To circumvent this, distinct hybrids from the same parental combinations were crossed to produce pseudoF2 segregating populations. At least 400 seeds per F2 population were produced. In addition, each F1 hybrid
was backcrossed to their recurrent, domesticated parents (‘WV-63’ and ‘WV-17B’) to start the process of
backcrossing. Due to time constraints, the work was carried out up to the BC1 generation.
4.6 Segregation analysis and Septoria resistance screening of F2 plants
In order to phenotype F2 segregating populations according to Septoria resistance of H4 progeny, up to 200
of seedlings were challenged with Septoria spores and disease severity was assessed on older leaves at 10
DPI on a 1-5 scale. The results of this assessment are currently being analyzed. According to our
preliminary results (data not shown), besides the resistant parent (S. arcanum LA1984), most F2 plants
presented different but significant degrees of susceptibility, which indicates that its associated stress
resistance locus may exhibit a polygenic nature. The results of the Septoria resistance screening will be
associated with chromosomal mapping data generated by using 24 designed CAPS markers (Table 5 in
Annex II).

5.0 Discussion
During the last decade, different regions across the Northeast of the U.S. have been subjected to the rapidly
spreading cases of the fungal tomato disease Septoria leaf spot (SLS) caused by Septoria lycopersici
(Babadoost, 2011). SLS effects in tomato crops are characterized for dark spots lesions that rapidly appear
within older leaves. The vegetative deterioration of tomato plants by SLS significantly affects its yield by
decreasing the overall plant’s photosynthesis levels (Tedla, 1985; Gul et al., 2016). The SLS incidence is
significantly higher during yearly-based seasons characterized for both high humidity and temperature.
More recently, the affected territory by SLS has now also reached several states at the Mid- and Northwest
regions of the country (USDA, 2019), potentially due to changes on weather patterns related to climate
change effects (Pathak and Stoddard, 2018; Hassan et al., 2019; Guodaar et al., 2020). However, an
increasing number of SLS cases within tomato breeding programs are gaining significant attention outside
of the U.S. too. For example, Brazil and India, which have reported significant increments of SLS reports
within its tomato fields located at regions with high moisture (Satelis et al., 2010; Lal et al., 2015; Baldicera
et al., 2020), and, in response, an increasing number of research efforts toward developing strategies for
disease control have arose in recent years.
Current strategies for disease control of SLS include crop rotation, biological control using antagonistic
microorganisms (e.g., Trichoderma harzianum), removal of susceptible weeds (e.g., Solanum carolinense,
Physalis sp., and Datura stramonium) and plant debris, and a prominent employment of fungicide sprays.
However, these options do not represent practical alternatives for small home gardeners, and they are not
even real options for famers pursuing organic practices. Like in other important tomato diseases, using
resistant cultivars is the most efficient option to handle disease incidence. However, current tomato
germplasm classified as resistant against SLS did not show high enough resistance levels against the current
strains of Septoria lycopersici proliferating in West Virginia and its adjacent states. In order to develop new
alternatives for cultivation of tomato alongside organic farmers’ needs, we carried out a conventional
breeding strategy supported by modern techniques to deliver a new tomato cultivar harboring significant
levels of resistance against our S. lycopersici strains.
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In this study, interspecific crossings between tomato varieties and resistant wild species of tomato were
performed. For this purpose, the S. lycopersicum cultivars ‘WV-63’ and ‘WV-17B’ were used as female
parents (recurrent parents) and the wild tomato species S. peruvianum (LA2744), S. arcanum (LA1984),
and S. corneliomuelleri (LA1910) as male parents (pollen donors). These wild accessions were chosen
based on previous Septoria resistance screenings. However, the first attempts to pollinate flowers of the
chosen S. lycopersicum varieties with pollen from the distant wild species resulted in non-viable seeds. This
is consistent with a phenomenon described by previous literature known as introgression barriers, which is
commonly encountered in both interspecific and intergeneric crosses due to mitotic anomalies and embryo
abortion events (Bedinger et al., 2011; Tovar-Méndez et al., 2014; Baek et al., 2016). However, the exact
physiological and genetic mechanisms underpinning these crossing barriers are yet to be completely
understood, and currently it is an important and growing area of study (Jewell et al., 2020). To circumvent
this obstacle, we performed an in vitro ovule culture technique to isolate and promote the proper growth of
immature zygotic embryos resulting from crosses between ‘WV-63’/’WV-17B’ and the chosen wild tomato
accessions. From almost forty thousand isolated ovules at different days after pollination (DAP) via in vitro
ovule culture, a total of seven putative hybrids were recovered up to fully developmental plantlet stages:
H1 (‘WV-63’ x LA1984), H2 (‘W-V63’ x LA2744), H3 (‘WV-63’ x LA1984), H4 (‘WV-17B’ x LA1984),
H5 (‘WV-63’ x LA2744), H6 (‘W-V63’ x LA2744), and H7 (‘WV-63’ x LA1910).
Morphological characterization of the fourth leaf coupled with a cladistic-based analysis of wild species
was carried out over the seven potential hybrids (F1) and their parental lines. Interestingly, results from the
cladistic analysis helped to uncover the presence of specific plant and flower structures in F1 plants that are
usually found in wild tomato species only. These observations were consistent with the presence of these
structures in their wild donor parents. For instance, the presence of pseudostipular leaves and extremely
long style structures were identified in all F1 plants except for H4 and H7. Consistent with these
observations, results from the morphological characterization of the 4th leaf also showed how H4, H5, and
H7 were phenotypically closer to the 4th leaf of their tomato cultivar parents. Taken together, all these
observations were useful to pinpoint structural variations in F1 that could justify their interspecific
hybridization nature. However, as previous authors have suggested, and a widely acceptable census among
taxonomists have concluded, differentiations and identification of wild species and their botanic relatives
based solely on taxonomic keys is hardly likely to produce accurate conclusions. For instance, vivid
discussions between taxonomists and evolutionary biologists are still taking place around the most recent
classification of the 13 species that represent the tomato clade and its other four closely related species.
Ultimately, a global consensus highlights the importance and value of making use of molecular tools to
further dissect tomato species, and its closely related Solanaceae species (e.g., Solanum tuberosum,
Solanum melongena, etc.). In accordance with this trend, CAPS markers were developed to characterize
molecularly the hybridization nature of the produced F1 plants. Results from this molecular assessment
corroborated that F1 plants H5 and H7 were not truly hybrids and they resulted from self-hybridization
events ‘WV-63’.
To assess the resistance level of the produced and confirmed hybrids, F1 plants together with their parental
lines (susceptible cultivars and resistant wild species) were challenged with Septoria spore inoculations in
several trials. Although variations in Septoria resistance levels were noted from one trial to another. These
observations were more likely to be associated with inconsistencies in spore concentrations and moist
conditions. Based on these observations and parallel tests carried out by Dr. Mannon Gallegly, a consensus
assessment on the resistance level against SLS in F1 plants concluded that hybrids H4 (‘WV-17B’ x
LA1984) and H5 (‘WV-63’ x LA2744) showed the highest resistance levels. However, a better statistical
and systematic approach, as well as different methods for screening and recording (e.g., brushing methods)
(Tu, 1990; Rodeva et al., 2009), with marginal variations from independent factors, such as spore
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concentration and relative humidity, must be conducted to assess quantitatively the accuracy of these
observations. In addition, field trials remain to be performed to assess the inoculum pressure under natural
conditions since it is highly recommended as a standard procedure to confirm the resistance reaction
(Barksdale, 1982). Furthermore, identifying resistance levels in crosses derived from S. peruvianum
accessions are consistent with previous screening trails (Satelis et al., 2010).
To identify the genetic components (loci/locus) underpinning SLS resistance in tomato, phenotypic and
genotypic data is being generated to associate the Septoria resistance screening results to a chromosomal
region using CAPS markers. This information will not only help to elucidate the locus/loci behind this
agronomically important trait, but it will also help to elucidate its genetic inheritance (monogenic versus
polygenic). For instance, preliminary data on disease susceptibility of H4 progeny (F2) is suggesting that
SLS resistance might be a polygenic trait. In contrast to these observations, some authors had suggested that
resistance against Septoria lycopersici is controlled by a single dominant allele (Barksdale and Stoner,
1979; Barksdale, 1982). However, whereas SLS resistance in F2 plants of H4 might be exposing a
quantitative nature, different alleles of resistance against SLS might be hidden on the progeny derived from
the other F1 plants (pseudo-F2 population generation plants) (Mani et al., 2021). Notwithstanding, from a
plant breeder’s perspective, the identification of a quantitative trait loci (QTL) associated to SLS resistance
will be favorable to ensure longer stability of the associated trait across several generations downstream, as
previously observed in other QTLs associated to agronomically important traits in crops (Haggard et al.,
2013; Haggard et al., 2015; Panthee et al., 2017). And further analysis on these planting materials should
be exploited. In addition, re-evaluation of resistance levels against SLS must be carried out in F1 progeny
with different S. lycopersici isolates and under distinct environmental conditions to confirm its stability as
it has been recommended by previous studies on Septoria resistance.

6.0 Conclusions and Perspectives
Organic farming is a widely adopted practice as a sustainable alternative for agriculture around the world.
In the US, the organic market has suffered significant increments during the 21 st century. Whereas new
policies and financial incentives are taking place in the US and worldwide, developing effective options for
organic farmers and organic home-gardeners for disease control is an urgent need.
Septoria leaf spot in the tomato crop is rapidly gaining attention not only due to its significant deterioration
effects on tomato yield, but also due to the quickly spreading of SLS cases within the US and other countries
with important economic assets in tomato breeding programs.
The F1 plants produced and their progeny and backcrossing generations resulting from this work will allow
to carry out genetic studies to identify the genetic factors associated with SLS resistance. Therefore, this
work represents an important genetic reservoir for introgressing the disease resistance trait into other tomato
cultivars that are also affected by this fungal disease.
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Chapter III: Epilogue
As the future for agriculture is full of challenges to meet the demands of a fast-growing population, history
has shown that past challenges have been met with fascinating advancements. Indeed, the estimates of the
global population reaches 9 billion people by 2050 (Alexandratos, 1999), on top of climate change and
resource shortages (including arable land, water, and fertilizers), is the focus of many research efforts in
the agricultural sector today. In this context, biotic and abiotic stresses account for a significant portion of
potential agricultural losses and addressing these issues (challenging as they are), will contribute to
increased cropping efficiencies and crop yields. In this thesis, we reviewed and addressed two important
crop stress factors (tolerance to salinity and resistance to an emerging fungal disease) using both genomics
and biotechnology (gene sequencing, CRISPR/Cas9 gene editing, molecular-assisted selection) as well as
traditional breeding techniques (Mendelian crossings, phenotypic selection, and recurrent crossings). Our
work underscores that traditional and new approaches should join forces to create novel resources for
breeders and growers.
The goals within each chapter of this thesis were pursued by employing different breeding strategies in
order to deliver ideotype tomato plants (Zsögön et al., 2017). Modern breeding approaches, such as in vitro
ovule culture and marker-assisted selection, were exploited to facilitate hybridization between interspecific
species and further selection based on disease resistance against Septoria leaf spot.
Once again, in vitro ovule culture demonstrated to be an effective in vitro tool for enabling crossings in
traditional breeding programs that involve interspecific crosses aiming at transferring desirable gene pools
from wild to cultivated species. In such types of interspecific crosses, like those made in Chapter II, tomato
cultivars and its wild distant relatives are crossed and result in a high frequency of nonviable hybrids due
to post-zygotic barriers. In this project we further evidentiate the value of employing modern techniques to
assist conventional breeding strategies.
Additionally, the use of S. corneliomulleri accession LA1910 as a pollen donor was the most attractive
cross due the previous screening tests reporting complete resistance against Septoria lycopersici isolates on
tomato leaves. Modified versions of in vitro ovule culture protocols, including producing a cut in the
chalazal region of the developing seed to facilitate the contact of the embryo with the medium and cultured
(Campos et al., 2017), inserting the hybrid embryo into a “nurse” endosperm derived from a normally
developing, self-pollinated ovule ideally from one of the direct parents, could be effective alternatives to
increase the success of embryo development efforts (Williams and de Lautour, 1980; Bridgen, 2019).
Enriching the culture medium with significant amounts of amino acid sources from natural substances (e.g.,
coconut milk, skim milk, malt extract, casein hydrolases, or seeds diffuses from a mixture of plant species)
is another alternative to promote growth of hybrid embryos at post-torpedo stages (Walter et al., 2018;
Bridgen, 2019; Premjet et al., 2019).
Further efforts toward developing effective alternatives for organic farmers for disease control is an urgent
need in the northeast of the U.S. and beyond, since in the specific case of Septoria leaf spot, this fungal
foliar disease of tomato is gaining rapidly new territories. Other recommendations on organic alternatives
for SLS control in tomato crops include using antagonistic microorganisms such as Pseudomonas putida
(Sun et al., 2017), Cryptococcus laurentii (Wei et al., 2016; Lai et al., 2018), and Trichoderma harzianum
(Kerroum et al., 2015; Coppola et al., 2017). However, the deeper details behind how they interact and
control S. lycopersici infections in tomato cropping is an interesting topic for further research.
In this project, moving forward, there is opportunity to progress backcrossing of the hybrids produced in
this work into a near-isogenic tomato variety (e.g., ‘WV-63’) that is resistant to Septoria leaf spot, as an
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entry genotype which can be used as a basis of tomato breeding programs. The understanding of the
inheritance of this trait can be explored with F2 and pseudo-F2 populations segregating for the trait by the
use of genomic tools (e.g., mapping-by-sequencing) as well as developing molecular markers to track the
trait molecularly and facilitate introgression. Still, this work launched an opportunity to fine map the
‘resistance to Septoria leaf spot’ trait and the identification of the gene involved (Barksdale and Stoner,
1979; Barksdale, 1982), which can help us understand the molecular basis of this resistance.
By the same token, the most successful and better described efforts towards crop improvement are
characterized for being derived from loci with predictable additive effects (Buckler et al., 2009; Li et al.,
2016). In other words, in the last two decades, extensive data was generated that described and uncovered
quantitative trait loci (QTL) of agriculturally-relevant traits, by using powerful bioinformatic tools, which
have facilitated fast progress of breeding programs in many crops. Furthermore, as discussed by Soyk and
collaborators (2017), QTL analyses of traits under positively and negatively effects of epistatic interactions
will only be discovered through bioinformatic analyses involving phenotypic data (e.g., phenomics) and
genome association studies (GWAS) when important improvements in analysis power and accuracy
become available. For example, it has been suggested that a vegetative-to-reproductive balance has not
been completely elucidated in tomato yet since it might be influenced not only by the described mutations
but also influenced by the expression of a more comprehensive processes modulating crop productivity in
these plants (Vicente et al., 2015), such as subtle changes in the sequences of cis-elements of promoter
genes (Zhang et al., 2018).
In this context, the phenotypic and genomic resources generated from the two parallel projects of this thesis
focused on exploiting resistant traits against abiotic and biotic stresses in tomato plants represent important
biological assets for further investigation. For example, the induced single-gene mutant lines of S.
cheesmaniae developed via CRISPR-Cas9 genome editing in this study are interesting genotypes to study
the phenotypic variation at genetic, physiological and anatomical levels that these induced mutations caused
and how they relate to agronomic performance as we try to construct an ideotype for a resilient new crop.
On the other hand, beyond the success we obtained to generate new hybrids between tomato cultivars and
distant wild tomato species and set the first steps toward a breeding program aiming at delivering a new
cultivar resistant against Septoria leaf spot in the Appalachia. Furthermore, these new genotypes can be
further explored to elucidate possible epistatic effects between the alleles from two different distant species
that result in distinct phenotypes of agronomic interest (Kvitek and Sherlock, 2011; Chou et al., 2014; Zahn,
2016).
By exploring different strategies for crop improvement, today we can rely on genomic and comparative
genomics data, as well as benefit from a plethora of previous studies focused on dissecting molecular
mechanisms controlling agronomic traits (Dong, 2021; Tian et al., 2021).The speed and level of details of
such advancements are boosted by technological innovations, such as next-generation plant genomics,
phenomics (Demidchik et al., 2020), advanced genomic editing tools (Altpeter et al., 2016), improved plant
transformation and gene delivery techniques (Burlaka et al., 2015; Somssich, 2019; Ozyigit and Yucebilgili
Kurtoglu, 2020), and synthetic biology innovations (Shih et al., 2016; Kumlehn et al., 2018; Pixley et al.,
2019).
Crop designing for resilience traits to produce satisfactorily under adverse conditions and scenarios, either
by exploiting super-specific natural genetic variation or editing of wild genomes for de novo domestication,
will be key for the progress of agriculture and the advancement of our society as we know it. Therefore,
increasing the investment of financial and human resources on a global level is a critical need towards
meeting the global demands of food and primary resources in the near future.
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Annexes I

Figure S1. Detailed view of overall protocol of single-gene and multiplex mutagenesis of S. cheesmaniae.

Figure S2. Schematic view of screening confirmation of correct modular assembly of pTRANS_220 backbone for multiplex mutagenesis of
S. cheesmaniae. Further details on primers shown in Table SX.

Table S1. List of used primers for confirming correct modular assembly into
pTRANS_220 backbone vector for multiplex mutagenesis of S. cheesmaniae.

Primer Name

Sequence (5’ – 3’)

TC430

GTTGGATCTCTTCTGCAGCA

M13F

GTAAAACGACGGCCAGT

M13R

CGACGTTAAGCCAGTTTTAG

Cas9_FW

TCCACGATGATTCTCTCACCT

Cas9_RV

CCATCACCTTCACCAACTCAT

Screen1_C2200_RV

GACAAAAGCTCGAGAAA

Screen2_C2200_RV

GTACCACCTTCCCTATT
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Figure S3. Schematic view of both modular vectors used for multiplex mutagenesis of S. cheesmaniae approach: pMOD_B2203 and
pMOD_C2200.

Figure S4. Schematic view of vectors used for multiplex mutagenesis of S. cheesmaniae approach: pMOD_A0501 and pTRANS_220.
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Figure S5. Genomic sequence showing the confirmed assemblies for each single-gene knock-out strategy into E.
coli and Agrobacterium tumefaciens clones.

Figure S6. Genomic sequence showing the confirmed assemblies for each modular vector (pMOD_B2203 and
pMOD_C2200) designed for the multiplexed mutagenesis into E. coli and Agrobacterium tumefaciens clones.
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Figure S7. Alignment of four sequencing jobs over POLY construct on A. tumefaciens strain LBA4404 clone ‘F9’. As
shown in the figure, the gRNA1s designed to target both FW11.3 and SP5G genes can be identified in their correct
order. Although gRNA2s for both FW11.3 and SP5G are missing. This confirmed clone is intended to be used for
multiplex mutagenesis of S. cheesmaniae. Sequence alignment developed using Geneious Prime software.

Figure S8. Morphological characterization of the cultivated tomato plants used as recurrent parents. Scale
bars: 10 cm.
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Figure S9. Morphological characterization of wild tomato species used as pollen (male) donors. Scale bars: 10 cm.

Figure S10. Overview of both crossing and in vitro techniques for in vitro ovule culture resulted from pollinating tomato cultivars with pollen
of distant wild tomato species. (A) One day before the anthesis stage of recurrent parent’ flowers. (B) Emasculation of flowers to avoid selfcrossing. (C) Tagging and covering of pollinated flowers to avoid crosspollination. (D) Descriptive view of recurrent parent plants with
pollinated flowers growing in greenhouse conditions. (E) Fruit resulting from a successful crossing event. (F) In vitro ovule culture at different
DAP. (G) Hormone-free HLH medium used for shoot induction. (H) Hormone-free ½ MS medium used for root induction. (I) and (J) Depicts
acclimatization of young hybrid plantlets. (K) Fully developed hybrid growing in greenhouse conditions.
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Figure S11. Descriptive view of in vitro ovule culture, plant development, and acclimatization of hybrids resulted
from interspecific crossings.
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Figure S12. Morphology comparison of 4th leaf of each hybrid, resulted from in vitro ovule culture, compared to their respective parents.

55

56

Bibliography
Abbasi H, Jamil M, Haq A, Ali S, Ahmad R, Malik Z, Parveen (2016) Salt stress manifestation on plants, mechanism of salt
tolerance and potassium role in alleviating it: a review. Zemdirbyste 103: 229–238
Aflitos S, Schijlen E, De Jong H, De Ridder D, Smit S, Finkers R, Wang J, Zhang G, Li N, Mao L, et al (2014) Exploring
genetic variation in the tomato (Solanum section Lycopersicon) clade by whole-genome sequencing. Plant J. doi:
10.1111/tpj.12616
Alexandratos N (1999) World food and agriculture: Outlook for the medium and longer term. Proc Natl Acad Sci. doi:
10.1073/pnas.96.11.5908
Ali MS, Baek KH (2020) Jasmonic acid signaling pathway in response to abiotic stresses in plants. Int J Mol Sci. doi:
10.3390/ijms21020621
AlKhayri J, Jain S (2015) Special Issue on Sustainable Agriculture under Abiotic and Biotic Stress. Emirates J Food Agric. doi:
10.9755/ejfa.v27i1.19429
Altpeter F, Springer NM, Bartley LE, Blechl AE, Brutnell TP, Citovsky V, Conrad LJ, Gelvin SB, Jackson DP, Kausch AP,
et al (2016) Advancing crop transformation in the era of genome editing. Plant Cell. doi: 10.1105/tpc.16.00196
Ashrafi H, Kinkade MP, Merk HL, Foolad MR (2012) Identification of novel quantitative trait loci for increased lycopene
content and other fruit quality traits in a tomato recombinant inbred line population. Mol Breed. doi: 10.1007/s11032-0119643-1
Atherton J. RJ (1986) The Tomato Crop. Chapman and Hall, New York/London
Babadoost M (2011) Important fungal diseases of tomato in the United States of America. Acta Hortic. doi:
10.17660/ActaHortic.2011.914.13
Baek YS, Royer SM, Broz AK, Covey PA, López-Casado G, Nuñez R, Kear PJ, Bonierbale M, Orillo M, Van Der Knaap
E, et al (2016) Interspecific reproductive barriers between sympatric populations of wild tomato species (Solanum section
Lycopersicon). Am J Bot. doi: 10.3732/ajb.1600356
Bai Y, Kissoudis C, Yan Z, Visser RGF, van der Linden G (2018) Plant behavior under combined stress: tomato responses to
combined salinity and pathogen stress. Plant J 93: 781–793
Baldicera AK, Bogo A, Nerbass FR, Becker WF, Casa RT, da Silva FN (2020) Sensitivity of Septoria lycopersici isolates and
effectiveness of fungicides for the control of Septoria leaf spot in tomato. Rev Ciencias Agroveterinarias. Doi:
10.5965/223811711922020159
Barksdale TH (1982) Control of an Epidemic of Septoria Leaf Spot of Tomato by Resistance. Plant Dis. doi: 10.1094/pd-66-239
Barksdale TH, Stoner AK (1979) Resistance in tomato to Septoria lycopersici. Plant Dis Report 62: 844–847
Bayat H, Modarressi MH, Rahimpour A (2017) The conspicuity of CRISPR-Cpf1 System as a Significant Breakthrough in
Genome Editing. Curr Microbiol 0: 0
Beauchet A, Gévaudant F, Gonzalez N, Chevalier C (2021) In search of the still unknown function of FW2.2/CELL NUMBER
REGULATOR, a major regulator of fruit size in tomato. J Exp Bot. doi: 10.1093/jxb/erab207
Bedinger PA, Chetelat RT, McClure B, Moyle LC, Rose JKC, Stack SM, van der Knaap E, Baek YS, Lopez-Casado G,
Covey PA, et al (2011) Interspecific reproductive barriers in the tomato clade: Opportunities to decipher mechanisms of
reproductive isolation. Sex Plant Reprod. Doi: 10.1007/s00497-010-0155-7
Bergougnoux V (2014) The history of tomato: From domestication to biopharming. Biotechnol Adv. doi:
10.1016/j.biotechadv.2013.11.003
Birhanu MW (2020) Transgenic Approaches of Improving Tomato (Solanum lycopersicum) to Salt Stress Tolerance. J Biol
Agric Healthc 0–10
Blanca J, Montero-Pau J, Sauvage C, Bauchet G, Illa E, Díez MJ, Francis D, Causse M, van der Knaap E, Cañizares J
(2015) Genomic variation in tomato, from wild ancestors to contemporary breeding accessions. BMC Genomics. doi:
10.1186/s12864-015-1444-1
57

Bridgen MP (2019) A Review of Plant Embryo Culture. HortScience 29: 1243–1246
Buckler ES, Holland JB, Bradbury PJ, Acharya CB, Brown PJ, Browne C, Ersoz E, Flint-Garcia S, Garcia A, Glaubitz JC,
et al (2009) The genetic architecture of maize flowering time. Science (80- ). doi: 10.1126/science.1174276
Burlaka OM, Pirko Y V., Yemets AI, Blume YB (2015) Plant genetic transformation using carbon nanotubes for DNA delivery.
Cytol Genet. doi: 10.3103/S009545271506002X
Campbell BM, Beare DJ, Bennett EM, Hall-Spencer JM, Ingram JSI, Jaramillo F, Ortiz R, Ramankutty N, Sayer JA,
Shindell D (2017) Agriculture production as a major driver of the earth system exceeding planetary boundaries. Ecol Soc.
doi: 10.5751/ES-09595-220408
Campos G, Gisbert C, Pérez-de-Castro A, Díez MJ (2017) Obtaining advanced generations from Solanum peruvianum PI
126944 in the genetic background of S. lycopersicum by immature seed culture. Euphytica. doi: 10.1007/s10681-0171850-3
Campos KKD, Araújo GR, Martins TL, Bandeira ACB, Costa G de P, Talvani A, Garcia CCM, Oliveira LAM, Costa
DC, Bezerra FS (2017) The antioxidant and anti-inflammatory properties of lycopene in mice lungs exposed to cigarette
smoke. J Nutr Biochem. doi: 10.1016/j.jnutbio.2017.06.004
Cao K, Cui L, Zhou X, Ye L, Zou Z, Deng S (2016) Four tomato FLOWERING LOCUS T-like proteins act Antagonistically to
regulate floral initiation. Front Plant Sci. doi: 10.3389/fpls.2015.01213
Čermák T, Curtin SJ, Gil-Humanes J, Čegan R, Kono TJY, Konečná E, Belanto JJ, Starker CG, Mathre JW, Greenstein
RL, et al (2017) A multipurpose toolkit to enable advanced genome engineering in plants. Plant Cell 29: 1196–1217
Chen P, Zhang W, Wang X, Zhao K, Negi DS, Zhuo L, Qi M, Wang X, Zhang X (2015) Lycopene and risk of prostate
cancer. Med (United States). doi: 10.1097/MD.0000000000001260
Chou HH, Delaney NF, Draghi JA, Marx CJ (2014) Mapping the Fitness Landscape of Gene Expression Uncovers the Cause of
Antagonism and Sign Epistasis between Adaptive Mutations. PLoS Genet. doi: 10.1371/journal.pgen.1004149
Chu YH, Jang JC, Huang Z, van der Knaap E (2019) Tomato locule number and fruit size controlled by natural alleles of lc
and fas. Plant Direct. doi: 10.1002/pld3.142
Coppola M, Cascone P, Chiusano ML, Colantuono C, Lorito M, Pennacchio F, Rao R, Woo SL, Guerrieri E, Digilio MC
(2017) Trichoderma harzianum enhances tomato indirect defense against aphids. Insect Sci. doi: 10.1111/1744-7917.12475
Caro M, Cruz V, Cuartero J, Estañ MT, Bolarin MC (1991) Salinity tolerance of normal-fruited and cherry tomato cultivars.
Plant Soil. doi: 10.1007/BF02150056
Čermák T, Curtin SJ, Gil-Humanes J, Čegan R, Kono TJY, Konečná E, Belanto JJ, Starker CG, Mathre JW, Greenstein
RL, et al (2017) A multi-purpose toolkit to enable advanced genome engineering in plants. Plant Cell. doi:
10.1105/tpc.16.00922
Covey PA, Kondo K, Welch L, Frank E, Sianta S, Kumar A, Nuñez R, Lopez-Casado G, Van Der Knaap E, Rose JKC, et
al (2010) Multiple features that distinguish unilateral incongruity and self-incompatibility in the tomato clade. Plant J. doi:
10.1111/j.1365-313X.2010.04340.x
Damalas CA, Eleftherohorinos IG (2011) Pesticide exposure, safety issues, and risk assessment indicators. Int J Environ Res
Public Health. doi: 10.3390/ijerph8051402
Darwin SC, Knapp S, Peralta IE (2003) Taxonomy of tomatoes in the galápagos islands: Native and introduced species of
solarium section lycopersicon (solanaceae). Syst Biodivers. doi: 10.1017/S1477200003001026
Demidchik V V., Shashko AY, Bandarenka UY, Smolikova GN, Przhevalskaya DA, Charnysh MA, Pozhvanov GA,
Barkosvkyi A V., Smolich II, Sokolik AI, et al (2020) Plant Phenomics: Fundamental Bases, Software and Hardware
Platforms, and Machine Learning. Russ J Plant Physiol. doi: 10.1134/S1021443720030061

58

de Nettancourt D (2001) Incompatibility and Incongruity in Wild and Cultivated Plants. Incompat Incongruity Wild Cultiv
Plants. doi: 10.1007/978-3-662-04502-2
Domínguez M, Dugas E, Benchouaia M, Leduque B, Jiménez-Gómez JM, Colot V, Quadrana L (2020) The impact of
transposable elements on tomato diversity. Nat Commun. doi: 10.1038/s41467-020-17874-2
Dong L (2021) Toward Resilient Agriculture Value Chains: Challenges and Opportunities. Prod Oper Manag 30: 666–675
Ellis EC, Goldewijk KK, Siebert S, Lightman D, Ramankutty N (2010) Anthropogenic transformation of the biomes, 1700 to
2000. Glob Ecol Biogeogr. doi: 10.1111/j.1466-8238.2010.00540.x
Engler C, Gruetzner R, Kandzia R, Marillonnet S (2009) Golden gate shuffling: A one-pot DNA shuffling method based on
type ils restriction enzymes. PLoS One. doi: 10.1371/journal.pone.0005553
Eriksson O (2021) The importance of traditional agricultural landscapes for preventing species extinctions. Biodivers Conserv.
doi: 10.1007/s10531-021-02145-3
E. Uchola B (2015) Agriculture: From a Development Perspective to Plant Resource Domestication. Am J Agric For. doi:
10.11648/j.ajaf.20150304.12
Farmer J, Epstein G, Watkins S, Mincey S (2014) Organic Farming in West Virginia: A Behavioral Approach. J Agric Food
Syst Community Dev 1–17
Fernie AR, Yan J (2019) De Novo Domestication: An Alternative Route toward New Crops for the Future. Mol Plant 12: 615–
631
Flowers TJ, Galal HK, Bromham L (2010) Evolution of halophytes: Multiple origins of salt tolerance in land plants. Funct
Plant Biol. doi: 10.1071/FP09269
Food W (2020) World Food and Agriculture - Statistical Yearbook 2020. World Food Agric - Stat Year 2020. doi:
10.4060/cb1329en
Foolad MR, Panthee DR (2012) Marker-Assisted Selection in Tomato Breeding. CRC Crit Rev Plant Sci. doi:
10.1080/07352689.2011.616057
Frary A, Doǧanlar S (2003) Comparative genetics of crop plant domestication and evolution. Turkish J Agric For. doi:
10.3906/tar-0301-9
Gao L, Gonda I, Sun H, Ma Q, Bao K, Tieman DM, Burzynski-Chang EA, Fish TL, Stromberg KA, Sacks GL, et al
(2019) The tomato pan-genome uncovers new genes and a rare allele regulating fruit flavor. Nat Genet. doi:
10.1038/s41588-019-0410-2
Gomiero T (2016) Soil degradation, land scarcity and food security: Reviewing a complex challenge. Sustain. doi:
10.3390/su8030281
Gonçalves-Souza D, Verburg PH, Dobrovolski R (2020) Habitat loss, extinction predictability and conservation efforts in the
terrestrial ecoregions. Biol Conserv. doi: 10.1016/j.biocon.2020.108579
Gul Z, Ahmed M, Ullah Khan Z, Khan B, Iqbal M (2016) Evaluation of Tomato Lines against Septoria Leaf Spot under Field
Conditions and Its Effect on Fruit Yield. Agric Sci. doi: 10.4236/as.2016.74018
Guodaar L, Asante F, Eshun G, Abass K, Afriyie K, Appiah DO, Gyasi R, Atampugre G, Addai P, Kpenekuu F (2020)
How do climate change adaptation strategies result in unintended maladaptive outcomes? Perspectives of tomato farmers.
Int J Veg Sci. doi: 10.1080/19315260.2019.1573393
Gradziel TM, Robinson RW (1991) Overcoming unilateral breeding barriers between Lycopersicon peruvianum and cultivated
tomato, Lycopersicon esculentum. Euphytica. doi: 10.1007/BF00145624
Gradziel TM, Robinson RW (1989) Solanum lycopersicoides gene introgression to tomato, Lycopersicon esculentum, through
the systematic avoidance and suppression of breeding barriers. Sex Plant Reprod. doi: 10.1007/BF00190118
Green MR, Sambrook J (2018) Isolation and Quantification of DNA. Cold Spring Harb Protoc. doi: 10.1101/pdb.top093336

59

Gross BL, Olsen KM (2010) Genetic perspectives on crop domestication. Trends Plant Sci. doi: 10.1016/j.tplants.2010.05.008
Haggard JE, Johnson EB, St. Clair DA (2015) Multiple QTL for horticultural traits and quantitative resistance to Phytophthora
infestans linked on Solanum habrochaites chromosome 11. G3 Genes, Genomes, Genet. doi: 10.1534/g3.114.014654
Haggard JE, Johnson EB, St. Clair DA (2013) Linkage relationships among multiple QTL for horticultural traits and late
blight (P. infestans) resistance on chromosome 5 introgressed from wild tomato solanum habrochaites. G3 Genes,
Genomes, Genet. doi: 10.1534/g3.113.007195
Hassan H, abolmaaty S, Elmenisy A, Abdel-Ghafar N (2019) Prediction of Tomato Early Blight Disease Under Climate
Change Conditions in Egypt. Arab Univ J Agric Sci. doi: 10.21608/ajs.2019.16072.1071
Hichri I, Muhovski Y, Clippe A, Žižková E, Dobrev PI, Motyka V, Lutts S (2016) SlDREB2, a tomato dehydrationresponsive element-binding 2 transcription factor, mediates salt stress tolerance in tomato and Arabidopsis. Plant Cell
Environ. doi: 10.1111/pce.12591
Hichri I, Muhovski Y, Žižková E, Dobrev PI, Gharbi E, Franco-Zorrilla JM, Lopez-Vidriero I, Solano R, Clippe A,
Errachid A, et al (2017) The Solanum lycopersicum WRKY3 transcription factor SLWRKY3 is involved in salt stress
tolerance in tomato. Front Plant Sci 8: 1–18
Hickey LT, N. Hafeez A, Robinson H, Jackson SA, Leal-Bertioli SCM, Tester M, Gao C, Godwin ID, Hayes BJ, Wulff
BBH (2019) Breeding crops to feed 10 billion. Nat Biotechnol. doi: 10.1038/s41587-019-0152-9
Horie T (2019) Global warming and rice production in Asia: Modeling, impact prediction and adaptation. Proc Japan Acad Ser B
Phys Biol Sci. doi: 10.2183/pjab.95.016
Huang L, Wu D zhi, Zhang G ping (2020) Advances in studies on ion transporters involved in salt tolerance and breeding crop
cultivars with high salt tolerance. J Zhejiang Univ Sci B. doi: 10.1631/jzus.B1900510
Jewell CP, Zhang S V., Gibson MJS, Tovar-Méndez A, Mcclure B, Moyle LC (2020) Intraspecific Genetic Variation
Underlying Postmating Reproductive Barriers between Species in the Wild Tomato Clade (Solanum sect. Lycopersicon). J
Hered. doi: 10.1093/jhered/esaa003
Ji H, Pardo JM, Batelli G, Van Oosten MJ, Bressan RA, Li X (2013) The salt overly sensitive (SOS) pathway: Established
and emerging roles. Mol Plant. doi: 10.1093/mp/sst017
Joslin* K, Taber H, Helland S, Gleason M (2019) Control of the Foliar Disease, Septoria lycopersici, in Organic Tomato
Production. HortScience. Doi: 10.21273/hortsci.39.4.831b
Kerroum F, Noureddine K, Henni JE, Mebrouk K (2015) Biological Control of Fusarium Crown and Root Rot Disease of
Tomato By Trichoderma Harzianum in the West of Algeria. Int. J. Sci. Nat. 6:
Khan MZ, Zaidi SS e. A, Amin I, Mansoor S (2019) A CRISPR Way for Fast-Forward Crop Domestication. Trends Plant Sci
24: 293–296
Khokhar T (2017) Chart: Globally, 70% of Freshwater is Used for Agriculture. World Bank Blogs
Kibria MG, Hoque MA (2019) A Review on Plant Responses to Soil Salinity and Amelioration Strategies. Open J Soil Sci 09:
219–231
Kimura S, Sinha N (2008) Tomato (Solanum lycopersicum): A model fruit-bearing crop. Cold Spring Harb Protoc. doi:
10.1101/pdb.emo105
Kole, Chittaranjan (Ed.) (2020) Genomic Designing of Climate-Smart Vegetable Crops. Genomic Des Clim Veg Crop. doi:
10.1007/978-3-319-97415-6
Kumlehn J, Pietralla J, Hensel G, Pacher M, Puchta H (2018) The CRISPR/Cas revolution continues: From efficient gene
editing for crop breeding to plant synthetic biology. J Integr Plant Biol. doi: 10.1111/jipb.12734
Kvitek DJ, Sherlock G (2011) Reciprocal sign epistasis between frequently experimentally evolved adaptive mutations causes a
rugged fitness landscape. PLoS Genet. doi: 10.1371/journal.pgen.1002056

60

Labate JA, Robertson LD (2012) Evidence of cryptic introgression in tomato (Solanum lycopersicum L.) based on wild tomato
species alleles. BMC Plant Biol. doi: 10.1186/1471-2229-12-133
Lal M, Dabbas MR, Singh SK, Kumar S (2015) Evaluation of Chemical Management Against Septoria Leaf Spot of Tomato.
Ann Hortic. doi: 10.5958/0976-4623.2015.00021.3
Lai J, Cao X, Yu T, Wang Q, Zhang Y, Zheng X, Lu H (2018) Effect of Cryptococcus laurentii on inducing disease resistance
in cherry tomato fruit with focus on the expression of defense-related genes. Food Chem 254: 208–216
Lemmon ZH, Reem NT, Dalrymple J, Soyk S, Swartwood KE, Rodriguez-Leal D, Van Eck J, Lippman ZB (2018) Rapid
improvement of domestication traits in an orphan crop by genome editing. Nat Plants 4: 766–770
Lewis D, Crowe LK (1958) Unilateral interspecific incompatibility in flowering plants. Heredity (Edinb). doi:
10.1038/hdy.1958.26
Li D, Wang X, Zhang X, Chen Q, Xu G, Xu D, Wang C, Liang Y, Wu L, Huang C, et al (2016) The genetic architecture of
leaf number and its genetic relationship to flowering time in maize. New Phytol. doi: 10.1111/nph.13765
Li Q, Sapkota M, van der Knaap E (2020) Perspectives of CRISPR/Cas-mediated cis-engineering in horticulture: unlocking
the neglected potential for crop improvement. Hortic Res. doi: 10.1038/s41438-020-0258-8
Li W, Chetelat RT (2015) Unilateral incompatibility gene ui1.1 encodes an S-locus F-box protein expressed in pollen of
Solanum species. Proc Natl Acad Sci U S A. doi: 10.1073/pnas.1423301112
Lin T, Zhu G, Zhang J, Xu X, Yu Q, Zheng Z, Zhang Z, Lun Y, Li S, Wang X, et al (2014) Genomic analyses provide
insights into the history of tomato breeding. Nat Genet. doi: 10.1038/ng.3117
Litalien A, Zeeb B (2020) Curing the earth: A review of anthropogenic soil salinization and plant-based strategies for
sustainable mitigation. Sci Total Environ. doi: 10.1016/j.scitotenv.2019.134235
LIU D, YANG L, ZHANG J zhe, ZHU G tao, LÜ H jun, LÜ Y qing, WANG Y ling, CAO X, SUN T shu, HUANG S wen,
et al (2020) Domestication and breeding changed tomato fruit transcriptome. J Integr Agric 19: 120–132
Liu M, Yu H, Ouyang B, Shi C, Demidchik V, Hao Z, Yu M, Shabala S (2020) NADPH oxidases and the evolution of plant
salinity tolerance. Plant Cell Environ. doi: 10.1111/pce.13907
Liu Y, Ma X, Shu L, Hancke GP, Abu-Mahfouz AM (2021) From Industry 4.0 to Agriculture 4.0: Current Status, Enabling
Technologies, and Research Challenges. IEEE Trans Ind Informatics. doi: 10.1109/TII.2020.3003910
Mahmoud AWM, Abdeldaym EA, Abdelaziz SM, El-Sawy MBI, Mottaleb SA (2020) Synergetic effects of zinc, boron,
silicon, and zeolite nanoparticles on confer tolerance in potato plants subjected to salinity. Agronomy. doi:
10.3390/agronomy10010019
Mani SD, Pandey S, Govindan M, Muthamilarasan M, Nagarathnam R (2021) Transcriptome dynamics underlying elicitorinduced defense responses against Septoria leaf spot disease of tomato (Solanum lycopersicum L.). Physiol Mol Biol
Plants. doi: 10.1007/s12298-021-00970-y
Marchler-Bauer A, Bo Y, Han L, He J, Lanczycki CJ, Lu S, Chitsaz F, Derbyshire MK, Geer RC, Gonzales NR, et al
(2017) CDD/SPARCLE: Functional classification of proteins via subfamily domain architectures. Nucleic Acids Res. doi:
10.1093/nar/gkw1129
Markova DN, Petersen JJ, Qin X, Short DR, Valle MJ, Tovar-Méndez A, McClure BA, Chetelat RT (2016) Mutations in
two pollen self-incompatibility factors in geographically marginal populations of Solanum habrochaites impact mating
system transitions and reproductive isolation. Am J Bot. doi: 10.3732/ajb.1600208
Menda N, Strickler SR, Edwards JD, Bombarely A, Dunham DM, Martin GB, Mejia L, Hutton SF, Havey MJ, Maxwell
DP, et al (2014) Analysis of wild-species introgressions in tomato inbreeds uncovers ancestral origins. BMC Plant Biol.
doi: 10.1186/s12870-014-0287-2
Miller JC, Tanksley SD (1990) RFLP analysis of phylogenetic relationships and genetic variation in the genus Lycopersicon.
Theor Appl Genet. doi: 10.1007/BF00226743
61

Ming M, Ren Q, Pan C, He Y, Zhang Y, Liu S, Zhong Z, Wang J, Malzahn AA, Wu J, et al (2020) CRISPR–Cas12b
enables efficient plant genome engineering. Nat Plants 6: 202–208
Morton MJL, Awlia M, Al-Tamimi N, Saade S, Pailles Y, Negrão S, Tester M (2019) Salt stress under the scalpel –
dissecting the genetics of salt tolerance. Plant J 97: 148–163
Mu Q, Huang Z, Chakrabarti M, Illa-Berenguer E, Liu X, Wang Y, Ramos A, van der Knaap E (2017) Fruit weight is
controlled by Cell Size Regulator encoding a novel protein that is expressed in maturing tomato fruits. PLoS Genet. doi:
10.1371/journal.pgen.1006930
Mutschler MA, Liedl BE (1994) Interspecific crossing barriers in Lycopersicon and their relationship to self-incompatibility.
doi: 10.1007/978-94-017-1669-7_9
Neal CA, Topoleski LD (1983) Effects of the basal medium on growth of immature tomato embryos in vitro.pdf. 434–438
Numan M, Bashir S, Khan Y, Mumtaz R, Shinwari ZK, Khan AL, Khan A, AL-Harrasi A (2018) Plant growth promoting
bacteria as an alternative strategy for salt tolerance in plants: A review. Microbiol Res 209: 21–32
Østerberg JT, Xiang W, Olsen LI, Edenbrandt AK, Vedel SE, Christiansen A, Landes X, Andersen MM, Pagh P, Sandøe
P, et al (2017) Accelerating the Domestication of New Crops: Feasibility and Approaches. Trends Plant Sci. doi:
10.1016/j.tplants.2017.01.004
Ozyigit II, Yucebilgili Kurtoglu K (2020) Particle bombardment technology and its applications in plants. Mol Biol Rep. doi:
10.1007/s11033-020-06001-5
Pailles Y, Awlia M, Julkowska M, Passone L, Zemmouri K, Negrão S, Schmöckel SM, Tester M (2020) Diverse traits
contribute to salinity tolerance of wild tomato seedlings from the galapagos islands. Plant Physiol 182: 534–546
Pailles Y, Awlia M, Julkowska M, Passone L, Zemmouri K, Negrao S, Schmoeckel SM, Tester M (2019) A diversity of
traits contributes to salinity tolerance of wild Galapagos tomatoes seedlings.
Pailles Y, Ho S, Pires IS, Tester M, Negrão S, Schmöcke SM (2017) Genetic diversity and population structure of two tomato
species from the galapagos islands. Front Plant Sci. doi: 10.3389/fpls.2017.00138
Panthee DR, Piotrowski A, Ibrahem R (2017) Mapping quantitative trait loci (QTL) for resistance to late blight in tomato. Int J
Mol Sci. doi: 10.3390/ijms18071589
Pathak TB, Stoddard CS (2018) Climate change effects on the processing tomato growing season in California using growing
degree day model. Model Earth Syst Environ. doi: 10.1007/s40808-018-0460-y
Peralta IE, Spooner DM (2005) Morphological characterization and relationships of wild tomatoes (. A Festschrift William G
D’arcy 104: 227–257
Peralta IE, Spooner DM, Knapp S (2008) Taxonomy of wild tomatoes and their relatives (Solanum sect. Lycopersicoides, sect.
Juglandifolia, sect. Lycopersicon; Solanaceae). Syst Bot Monogr 84: 1–186
Pereira L, Zhang L, Sapkota M, Ramos A, Razifard H, Caicedo AL, van der Knaap E (2021) Unraveling the genetics of
tomato fruit weight during crop domestication and diversification. Theor Appl Genet. doi: 10.1007/s00122-021-03902-2
Pixley K V., Falck-Zepeda JB, Giller KE, Glenna LL, Gould F, Mallory-Smith CA, Stelly DM, Stewart CN (2019) Genome
editing, gene drives, and synthetic biology: Will they contribute to disease-resistant crops, and who will benefit? Annu Rev
Phytopathol. doi: 10.1146/annurev-phyto-080417-045954
Poysa V (1990) The development of bridge lines for interspecific gene transfer between Lycopersicon esculentum and L.
peruvianum. Theor Appl Genet. doi: 10.1007/BF00225950
Pnueli L, Carmel-Goren L, Hareven D, Gutfinger T, Alvarez J, Ganal M, Zamir D, Lifschitz E (1998) The SELFPRUNING gene of tomato regulates vegetative to reproductive switching of sympodial meristems and is the ortholog of
CEN and TFL1. Development 125: 1979–1989

62

Premjet D, Obeng AK, Kongbangkerd A, Premjet S (2019) Intergeneric hybrid from Jatropha curcas L. and Ricinus communis
L.: Characterization and polyploid induction. Biology (Basel). doi: 10.3390/biology8020050
Razali R, Bougouffa S, Morton MJL, Lightfoot DJ, Alam I, Essack M, Arold ST, Kamau AA, Schmöckel SM, Pailles Y, et
al (2018) The genome sequence of the wild tomato Solanum pimpinellifolium provides insights into salinity tolerance.
Front Plant Sci 9: 1–21
Razifard H, Ramos A, Della Valle AL, Bodary C, Goetz E, Manser EJ, Li X, Zhang L, Visa S, Tieman D, et al (2020)
Genomic evidence for complex domestication history of the cultivated tomato in Latin America. Mol Biol Evol. doi:
10.1093/molbev/msz297
Reimers KJ, Keast DR (2016) Tomato consumption in the United States and its relationship to the US Department of
Agriculture Food Pattern: Results from What We Eat in America 2005-2010. Nutr Today. doi:
10.1097/NT.0000000000000152
Rengasamy P (2006) World salinization with emphasis on Australia. J Exp Bot. doi: 10.1093/jxb/erj108
Rhiney K, Eitzinger A, Farrell AD, Prager SD (2018) Assessing the implications of a 1.5 °C temperature limit for the
Jamaican agriculture sector. Reg Environ Chang. doi: 10.1007/s10113-018-1409-4
Rick CM (1956) Genetic and Systematic Studies on Accessions of Lycospersicon from the Galapagos Islands. Am J Bot. doi:
10.2307/2438834
Rodeva R, Ivanova B, Stoyanova Z, Stefanov D, Manåva S (2009) Resistance components to Septoria lycopersici in tomato.
Acta Hortic. doi: 10.17660/actahortic.2009.808.5
Rodríguez-Leal D, Lemmon ZH, Man J, Bartlett ME, Lippman ZB (2017) Engineering Quantitative Trait Variation for Crop
Improvement by Genome Editing. Cell. doi: 10.1016/j.cell.2017.08.030
Roldan MVG, Périlleux C, Morin H, Huerga-Fernandez S, Latrasse D, Benhamed M, Bendahmane A (2017) Natural and
induced loss of function mutations in SlMBP21 MADS-box gene led to jointless-2 phenotype in tomato. Sci Rep 7: 1–10
Rothan C, Diouf I, Causse M (2019) Trait discovery and editing in tomato. Plant J. doi: 10.1111/tpj.14152
Rowland MK, Leonard M (2019) Crop abiotic stresses and nutrition of harvested food crops: A Review of impacts,
interventions and their effectiveness. African J Agric Res. doi: 10.5897/ajar2018.13668
Rush DW, Epstein E (1981) Comparative Studies on the Sodium, Potassium, and Chloride Relations of a Wild Halophytic and a
Domestic Salt-Sensitive Tomato Species. Plant Physiol. doi: 10.1104/pp.68.6.1308
Salava H, Thula S, Mohan V, Kumar R, Maghuly F (2021) Application of genome editing in tomato breeding: Mechanisms,
advances, and prospects. Int J Mol Sci. doi: 10.3390/ijms22020682
Satelis JF, Boiteux LS, Reis A (2010) Resistance to Septoria lycopersici in Solanum (section Lycopersicon) species and in
progenies of S. lycopersicum × S. peruvianum. Sci Agric. doi: 10.1590/s0103-90162010000300012
S R, S R (2017) Effect of Global warming on Indian Agriculture. J Climatol Weather Forecast. doi: 10.4172/2332-2594.1000195
Safdar H, Amin A, Shafiq Y, Ali A, Yasin R (2019) Abbas Shoukat, Maqsood Ul Hussan, Muhammad Ishtiaq Sarwar. A
review: Impact of salinity on plant growth. Nat Sci 17: 34–40
Scholberg JMS, Locascio SJ (1999) Growth response of snap bean and tomato as affected by salinity and irrigation method.
HortScience. doi: 10.21273/hortsci.34.2.259
Secor GA, Rivera V V. (2012) Fungicide Resistance Assays for Fungal Plant Pathogens. Doi: 10.1007/978-1-61779-501-5_23
Shih PM, Liang Y, Loqué D (2016) Biotechnology and synthetic biology approaches for metabolic engineering of bioenergy
crops. Plant J. doi: 10.1111/tpj.13176
Somssich M (2019) A short history of plant transformation. doi: 10.7287/peerj.preprints.27556

63

Sott MK, Furstenau LB, Kipper LM, Giraldo FD, Lopez-Robles JR, Cobo MJ, Zahid A, Abbasi QH, Imran MA (2020)
Precision Techniques and Agriculture 4.0 Technologies to Promote Sustainability in the Coffee Sector: State of the Art,
Challenges and Future Trends. IEEE Access. doi: 10.1109/ACCESS.2020.3016325
Sims WL (1980) HISTORY OF TOMATO PRODUCTION FOR INDUSTRY AROUND THE WORLD. Acta Hortic. doi:
10.17660/actahortic.1980.100.1
Silva Ferreira D, Kevei Z, Kurowski T, De Noronha Fonseca ME, Mohareb F, Boiteux LS, Thompson AJ (2018)
BIFURCATE FLOWER TRUSS: A novel locus controlling inflorescence branching in tomato contains a defective MAP
kinase gene. J Exp Bot. doi: 10.1093/jxb/ery076
Singh A (2015) Soil salinization and waterlogging: A threat to environment and agricultural sustainability. Ecol Indic 57: 128–
130
de Souza Silva CMM, Francisconi E (2012) Effect of Salinity on Soil Microorganisms. Soil Heal L Use Manag. doi:
10.5772/28613
Soyk S, Lemmon ZH, Oved M, Fisher J, Liberatore KL, Park SJ, Goren A, Jiang K, Ramos A, van der Knaap E, et al
(2017a) Bypassing Negative Epistasis on Yield in Tomato Imposed by a Domestication Gene. Cell. doi:
10.1016/j.cell.2017.04.032
Soyk S, Müller NA, Park SJ, Schmalenbach I, Jiang K, Hayama R, Zhang L, Van Eck J, Jiménez-Gómez JM, Lippman
ZB (2017b) Variation in the flowering gene SELF PRUNING 5G promotes day-neutrality and early yield in tomato. Nat
Genet. doi: 10.1038/ng.3733
Sun D, Zhuo T, Hu X, Fan X, Zou H (2017) Identification of a Pseudomonas putida as biocontrol agent for tomato bacterial wilt
disease. Biol Control. doi: 10.1016/j.biocontrol.2017.07.015
Sun S, Wang X, Wang K, Cui X (2020) Dissection of complex traits of tomato in the post-genome era. Theor Appl Genet 133:
1763–1776
Suzuki N, Bassil E, Hamilton JS, Inupakutika MA, Zandalinas SI, Tripathy D, Luo Y, Dion E, Fukui G, Kumazaki A, et
al (2016) ABA is required for plant acclimation to a combination of salt and heat stress. PLoS One. doi:
10.1371/journal.pone.0147625
Tedla T (1985) EFFECT OF CAPTAFOL AND RIDOMIL I MZ IN THE CONTROL OF LATE BLIGHT (PHYTOPHTHORA
INFESTANS) AND SEPTORIA LEAF SPOT (SEPTORIA LYCOPERSICI) ON TOMATO. Acta Hortic. doi:
10.17660/actahortic.1985.158.45
Thomas BR, Pratt D (1981) Efficient hybridization between Lycopersicon esculentum and L. peruvianum via embryo callus.
Theor Appl Genet. doi: 10.1007/BF00265495
Tian Z, Wang JW, Li J, Han B (2021) Designing future crops: challenges and strategies for sustainable agriculture. Plant J 105:
1165–1178
Timma L, Dace E, Knudsen MT (2020) Temporal aspects in emission accounting—case study of agriculture sector. Energies.
doi: 10.3390/en13040800
Tovar-Méndez A, Kumar A, Kondo K, Ashford A, Baek YS, Welch L, Bedinger PA, McClure BA (2014) Restoring pistilside self-incompatibility factors recapitulates an interspecific reproductive barrier between tomato species. Plant J. doi:
10.1111/tpj.12424
Tu JC (1990) A Brushing Method of Inoculation for Screening Tomato Seedlings for Resistance to Septoria lycopersici. Plant
Dis. doi: 10.1094/pd-74-0294
UN (2019) World Urbanization Prospects - Population Division - United Nations. United Nations
Uri N (2018) Cropland soil salinization and associated hydrology: Trends, processes and examples. Water (Switzerland). doi:
10.3390/w10081030
van der Knaap E, Chakrabarti M, Chu YH, Clevenger JP, Illa-Berenguer E, Huang Z, Keyhaninejad N, Mu Q, Sun L,
Wang Y, et al (2014) What lies beyond the eye: The molecular mechanisms regulating tomato fruit weight and shape.

64

Front Plant Sci 5: 1–13
Van Eck J, Keen P, Tjahjadi M (2019) Agrobacterium tumefaciens-Mediated Transformation of Tomato. doi: 10.1007/978-14939-8778-8_16
Van Tuyl JM, Van Diën MP, Van Creij MGM, Van Kleinwee TCM, Franken J, Bino RJ (1991) Application of in vitro
pollination, ovary culture, ovule culture and embryo rescue for overcoming incongruity barriers in interspecific Lilium
crosses. Plant Sci. doi: 10.1016/0168-9452(91)90262-7
Vetrano F, Moncada A, Miceli A (2020) Use of gibberellic acid to increase the salt tolerance of leaf lettuce and rocket grown in
a floating system. Agronomy. doi: 10.3390/agronomy10040505
Verlinden S, McDonald L, Kotcon J, Childs S (2017) Long-term effect of manure application in a certified organic production
system on soil physical and chemical parameters and vegetable yields. Horttechnology. Doi:
10.21273/HORTTECH03348-16
Vicente MH, Zsögön A, de Sá AFL, Ribeiro R V., Peres LEP (2015) Semi-determinate growth habit adjusts the vegetative-toreproductive balance and increases productivity and water-use efficiency in tomato (Solanum lycopersicum). J Plant Physiol
177: 11–19
Vijay V, Armsworth PR (2021) Pervasive cropland in protected areas highlight trade-offs between conservation and food
security. Proc Natl Acad Sci U S A. doi: 10.1073/pnas.2010121118
Volkov V, Beilby MJ (2017) Editorial: Salinity tolerance in plants: Mechanisms and regulation of ion transport. Front Plant Sci
8: 8–11
Walter R, Carvalho VS, Generoso AL, Rodrigues R, Gravina GDA (2018) <b>Cultivation of immature Capsicum spp. embryos
for incompatible-crossing embryo rescue. Acta Sci Agron. doi: 10.4025/actasciagron.v40i1.39474
Wang F, Chen HW, Li QT, Wei W, Li W, Zhang WK, Ma B, Bi YD, Lai YC, Liu XL, et al (2015) GmWRKY27 interacts
with GmMYB174 to reduce expression of GmNAC29 for stress tolerance in soybean plants. Plant J. doi:
10.1111/tpj.12879
Wang Z, Hong Y, Li Y, Shi H, Yao J, Liu X, Wang F, Huang S, Zhu G, Zhu JK (2020) Natural variations in SlSOS1
contribute to the loss of salt tolerance during tomato domestication. Plant Biotechnol J 1–3
Wani SH, Kumar V, Khare T, Guddimalli R, Parveda M, Solymosi K, Suprasanna P, Kavi Kishor PB (2020) Engineering
salinity tolerance in plants: progress and prospects. Planta 251: 1–29
Weber T, Haensler A, Rechid D, Pfeifer S, Eggert B, Jacob D (2018) Analyzing Regional Climate Change in Africa in a 1.5,
2, and 3°C Global Warming World. Earth’s Futur. doi: 10.1002/2017EF000714
Wei Y, Xu M, Wu H, Tu S, Pan L, Tu K (2016) Defense response of cherry tomato at different maturity stages to combined
treatment of hot air and Cryptococcus laurentii. Postharvest Biol Technol. doi: 10.1016/j.postharvbio.2016.03.001
Wicke B, Smeets E, Dornburg V, Vashev B, Gaiser T, Turkenburg W, Faaij A (2011) The global technical and economic
potential of bioenergy from salt-affected soils. Energy Environ Sci. doi: 10.1039/c1ee01029h
Williams EG, de Lautour G (1980) The use of Embryo Culture with Transplanted Nurse Endosperm for the Production of
Interspecific Hybrids in Pasture Legumes. Bot Gaz. doi: 10.1086/337152
Winans K, Brodt S, Kendall A (2020) Life cycle assessment of California processing tomato: an evaluation of the effects of
evolving practices and technologies over a 10-year (2005–2015) timeframe. Int J Life Cycle Assess. doi: 10.1007/s11367019-01688-6
Wolter F, Schindele P, Puchta H (2019) Plant breeding at the speed of light: The power of CRISPR/Cas to generate directed
genetic diversity at multiple sites. BMC Plant Biol. doi: 10.1186/s12870-019-1775-1
World Bank (2019) Annual freshwater withdrawals, agriculture (% of total freshwater withdrawal). World Bank,

65

Xu C, Liberatore KL, Macalister CA, Huang Z, Chu YH, Jiang K, Brooks C, Ogawa-Ohnishi M, Xiong G, Pauly M, et al
(2015) A cascade of arabinosyl-transferases controls shoot meristem size in tomato. Nat Genet. doi: 10.1038/ng.3309
Zahn LM (2016) Epistasis and mutational fitness landscape. Science (80- ) 352: 783–785
Zaman M, Shahid SA, Heng L (2018) Guideline for Salinity Assessment, Mitigation and Adaptation Using Nuclear and Related
Techniques. Guidel Salin Assessment, Mitig Adapt Using Nucl Relat Tech. doi: 10.1007/978-3-319-96190-3
Zambon I, Cecchini M, Egidi G, Saporito MG, Colantoni A (2019) Revolution 4.0: Industry vs. agriculture in a future
development for SMEs. Processes. doi: 10.3390/pr7010036
Zhai Z, Martínez JF, Beltran V, Martínez NL (2020) Decision support systems for agriculture 4.0: Survey and challenges.
Comput Electron Agric. doi: 10.1016/j.compag.2020.105256
Zhang N, Brewer MT, van der Knaap E (2012) Fine mapping of fw3.2 controlling fruit weight in tomato. Theor Appl Genet.
doi: 10.1007/s00122-012-1832-8
Zhang S, Jiao Z, Liu L, Wang K, Zhong D, Li S, Zhao T, Xu X, Cui X (2018) Enhancer-promoter interaction of SELF
PRUNING 5G shapes photoperiod adaptation. Plant Physiol 178: 1631–1642
Zhang Y, Zhao Z, Xue Y (2009) Roles of Proteolysis in Plant Self-Incompatibility. Annu Rev Plant Biol. doi:
10.1146/annurev.arplant.043008.092108
Zheng H, Kawabata S (2017) Identification and validation of new alleles of FALSIFLORA and COMPOUND
INFLORESCENCE genes controlling the number of branches in tomato inflorescence. Int J Mol Sci. doi:
10.3390/ijms18071572
Zsögön A (2011) Identification and characterization of a tomato introgression line with reduced wilting under drought. The
Australian National University
Zsögön A, Čermák T, Naves ER, Notini MM, Edel KH, Weinl S, Freschi L, Voytas DF, Kudla J, Peres LEP (2018) De
novo domestication of wild tomato using genome editing. Nat Biotechnol. doi: 10.1038/nbt.4272
Zsögön A, Cermak T, Voytas D, Peres LEP (2017) Genome editing as a tool to achieve the crop ideotype and de novo
domestication of wild relatives: Case study in tomato. Plant Sci 256: 120–130

66

